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ABSTRACT
Two rabbit phos phof ructokinase (PFK) genonic clones 
were isolated fron a lambda Charon 4A rabbit liver DNA
library. A 180-bp rabbit auscle PFK cDNA encoding 60
amino acids in the C-terminal region of RM-PFK was used as a 
probe. By using the shotgun subcloning approach, we cloned,
sequenced and characterized two rabbit PFK genomic clones.
The two clones overlapped and represented a total length of 
17 kb which encoded the entire RM-PFK protein. The 
organization of this gene was elucidated by restriction 
mappi ng and DNA sequencing. 11 contains 22 exons, ranging
in size from 45 to 190 bp, separated by 21 introns of 7 8- 
3,500 in length. This gene can be divided into two nearly 
homologous halves, the N- and C-halves. Each half is 
composed of almost an equal number of exons. The 22 exons 
code for 779 amino acid residues with a calculated molecular 
mass of 84,97 5 dal tons. Exons XV and XVI together code for 
the 30 amino acid residues which were left as an 
unidentified gap in the published primary structure for this 
enzyme. Sequence analysi s showed that 7 4% of the bases at
the third position of the codons in the coding exons are 
either G or C. When overlaid on the amino acid sequence of 
the protein, most of the introns are located between or near 
the ends of the secondary structural elements. However, 
introns are not located at analogous positions in the two
x
protein-coding halves of the gene. Sequence horologies 
between bacterial and rabbit muscle PFKs and between the 
amino- and carboxyl-terminal halves of the latter suggest 
that the mammalian enzyme evolved from a prokaryotic 
progenitor by gene duplication and divergence.
A cDNA clone encoding one-quarter of the RM-PFK 
sequence was sequenced. The nucleotide sequence of the 
cDNA agrees with the determined RM-PFK genomic sequence.
In addition, the amino acid sequence deduced from the cDNA 
is identical to the RM-PFK sequence previously reported by 
Poorman et a ] .
INTRODUCTION
Glycolysis is a nearly universal metabolic pathway in 
biological systems. It is the first stage in the 
catabolism of glucose and the generation of ATP. The rate 
of glycolysis is carefully regulated so that the production 
of ATP and pyruvate matches the needs of the cell.
Phosphofruetokinase (PFK; ATP:D-fruetose-6-phosphate 1- 
phosphotransferase, EC 2.7.1.11) catalyzes the 
phosphorylation of fructose 6-phosphate (F6P) to fructose
1,6-bisphosphate (FBP) in the principal rate-1imiting step 
of the glycolytic pathway (1,24). The activity of PFK is 
a 11 osterica11y controlled by multiple ligands in such a way 
that glycolysis is coordinated with other metabolic 
processes in the cell.
Both prokaryotic and eukaryotic PFKs have been 
purified allowing catalytic and regulatory mechanisms as 
well as st rueture-func tion relati onsh ips in this enzyme to 
be studied extensively. PFK represents a great challenge 
to biochemists for several reasons: (a) its molecular
complexity, (b) its allosteric nature in regulating rates 
of glycolysis in normal and neoplastic tissues, (c) its 
tisfiues-specific expression.
Based on differences in the subunit molecular mass, 
Evans e_t al . (6) classified PFK into three groups. The
enzymes isolated from mammalian tissues have tetrameric 
forms with a subunit molecular mass of 75 to 95 kD. Yeast
1
2PFK is an a4b4 octamer with a molecular mass of 112 kD and 
118 kD for the 4a and 4b units, respectively. The 
bacterial enzymes are tetramers having a subunit molecular 
mass of 32 to 38 k D . In general, the eukaryotic enzymes 
are regulated by a multitude of metabolites, whereas the 
prokaryotic enzymes are controlled by a smaller number of 
physiological effectors.
Increasing knowledge about the primary structure and 
gene organization of PFK in both prokaryotes and eukaryotes 
has led to great advances in understanding structure- 
function relationships, gene expression and evolutionary 
processes. The following review provides the background 
to these achievements.
A_. Structure. function and genetica of the prokaryote 
ph osphof ruetok i nases
(a). PFK from Baci1lua sterothermophilus (Bs-PFK)
Among prokaryotic PFK’s, those isolated from Baci1lus 
s tero the rmophi1 us and Escher i ch ia coli are the best 
studied. Bs-PFK is a tetramer containing four identical 
subunits with a molecular weight of 34 kD for each subunit. 
The primary structure of Bs-PFK, containing 319 amino acid 
residues, has been determined by Kolb ejt al . (8) and revised
by French and Chang (12). The enzyme shows homotropic 
cooperative kinetics with respect to the substrate F6P, but
3not with respect to the other Bubstrate, ATP, heterotropic 
allosteric activation by ADP and inhibition by 
phosphoenolpyruvate (6).
The crystal structure of both the active (R) and 
inactive (T) conformations of this enzyme has been 
determined by X-ray crystallography (6,7,8). The crystal 
structure shows that the enzyme is a tetramer with 
identical subunits arranged about a set of three mutually 
perpendicular two-fold axes. Each subunit has a two- 
domain structure. The substrates F6P and ATP are bound in 
a cleft between the two domains of the subunit related by 
the z axis. The allosteric activator ADP and the 
inhibitor phosphoeno1 pyruvate are bound in a third site 
between another pair of subunits related by the x axis. 
After comparing these two crystal structures, Evans e_t al . 
(7) proposed that the allosteric transition between the R- 
and T- states consists of a rearrangement of essentially 
rigid subunits into a new quaternary structure. This was 
based on the observation of Blangy et al . (17), that the
two states of the enzyme differ in their affinity for the 
substrate F6P, but not in their catalytic rates once the 
substrate has bound.
In addition, the three dimensional structure of Bs-PFK 
supports the kinetic data Bhowing that this enzyme follows 
the two-state model of Mo nod e_t al . (11). Binding of the
substrate ATP follows simple Michae1is-Menten kinetics 
since ATP is bound independently by each subunit. Binding
4of the cooperative ligands follow a sigmoidal pattern since 
these ligands are bound between two adjacent subunits. 
Furthermore, Evans et a l . (5) have identified 31 amino acid
residues which play a critical role in the ligand binding 
function of Bs-PFK.
Recently, the gene encoding Bs-PFK has been cloned and 
sequenced by French and Chang (12). This gene is 1.5 Kb in 
length. The amino acid sequence deduced from the 
nucleotide sequence agrees with published sequences for Bs- 
PFK (5,9,13) with a few corrections (12).
(b). PFK from Eacherichia coli (Ec-PFK)
Two isozymes of PFK have been identified in E_. co 1 i 
(16). The major enzyme, Ec-PFK-1, accounts for 90% of 
total PFK activity. The amino acid sequence of Ec-PFK-1 
has been determined (5). This enzyme is a tetramer of 
identical subunits with a subunit molecular mass of 34 kD. 
Ec-PFK-1 shows cooperative kinetics with respect to F6P but 
not with respect to its other substrate, ATP. It is 
subject to allosteric control, being inhibited by 
phosphoeno1 pyruvate and activated by ADP (17). The minor 
E . coli PFK (Ec-PFK-2) accounts for the remaining 1 OX of 
the total PFK ac t i v i ty in E_^  co 1 i . Ec-PFK-2 is also 
tetrameric having four identical 33 kD subunits (3). The 
kinetic behavior and immunological properties of Ec-PFK-2 
are di f ferent f rom that of Ec-PFK-1 . Ec-PFK-2 shows
5neither cooperative kinetics nor does it respond to 
phosphoenolpyruvate, but it is somewhat sensitive to 
inhibition by ATP (18) and FBP (19).
Ec-pfkA. the gene coding for Ec-PFK-1 enzyme, has been 
cloned (20) and sequenced (5). This gene is 1.4 Kb in 
length. The control elements, such as the "-10" region, 
mRNA start site, ribosome binding site, and a potential 
rho-independent transcription termination signal have been 
verified (5). However, the '’-35" region has not yet been 
determined. The gene for Ec-PFK-2, Ec-pfkB, has also been 
cloned (2) and sequenced (3). The cloned Ec-pfkB is 1.3 
kb in 1ength.
Sequence analysis on both Bs-PFK and Ec-PFK-1 has 
shown that there is high homology between the two 
nucleotide sequences (58%) and between their derived amino 
acid sequence (55%) (5,12). These results demonstrate
that Bs-PFK and Ec-PFK-1 are related to each other and may 
have evolved from a single progenitor. However, sequence 
comparison between Ec-PFK-2 and Bs-PFK shows no striking 
homology indicating that even though both enzymes recognize 
the same subtrates and products, they have apparently 
evolved independently.
B . Structure. function and genetics of eukaryote 
phoaphofructokinases
Mammalian PFKs are characterized by their large
6molecular mass, heterologous isozymic structure and 
complicated regulation (21). Multiple forms of PFK have 
been found in a variety of mammalian tissues suggesting the 
tissue-dependent expression feature of this enzyme (22,23). 
There are three types of PFK isozymes found in mammalian 
tissues. In general, most mammals have a single isozyme A 
or M in skeletal and cardiac muscle. The B or L isozyme 
predominates in liver and erythrocyte, except in human and 
chicken. Human erythrocyte PFK is a hybrid of muscle and 
liver (A and B) types of subunits. The C isozyme is 
found predominantly in brain and thymus (23,24). However, 
other tissues contain a mixture of hybrid isozymes of A, B, 
and/or C. Random tetramerization of these three isozymic 
subunits produces homotetramers or heterotetramers 
depending on their proportion in a given type of tissue. 
The proportion of each type of subunit in various tissues 
is under developmental as well as tissue-specific control 
(4,64).
Among mammalian PFKs, rabbit PFKs have been studied 
the most. The molecular weights of the A, B and C 
subunits for rabbit PFKs are 85kD, 80kD, and 86kD, 
respectively (40). All three isozymes display cooperative 
binding to the substrate F6P showing sigmoidal kinetics and 
sensitivity to increasing concentrations of ATP. However, 
the three isozymes are kinetically distinct. The C
isozyme is more sensitive than the A isozyme but less
7sensitive than the B isozyme to inhibition by ATP. It is 
leBs sensitive than isozyme A but more sensitive than 
isozyme B to inhibition by citrate (23). Immunological 
examination has shown that there is no cross-reactivity 
between C isozyme and A or B isozyme. However, the A and 
B isozymes cross-react each other.
PFK from rabbit muscle (RM-PFK) is the best 
characterized tetrameric enzyme in terms of structure and 
enzymology (1,24), This enzyme consists of four identical 
A type 85 kD subunits. It displays cooperative binding 
activity to the substrate F6P and activator ADP. In 
addition, RM-PFK is activated by AMP, cAMP, FBP, fructose
2,6-bisphosphate (F2,6BP) and inorganic phosphate, but 
inhibited by ATP and citrate (21,24). Among the 
activators, F2,6BP is newly discovered and one of the most 
potent allosteric effectors (25,39). The activating
effect of F2,6BP is mediated by inhibiting fructose 1,6— 
bisphosphatase (FBPase), an antagonistic enzyme of PFK, 
which controls the flow of metabolites to glucose in the 
liver. On the other hand, allosteric inhibition of PFK is 
mediated primarily by ATP. This inhibiting effect 
responds to the energy level in the cell. At low 
concentrations of ATP, the catalytic but not the inhibitory 
allosteric site will be occupied by ATP and enzyme 
catalysis proceeds at near maximal rates. At high ATP 
concentration, ATP binds to the allosteric site inducing a 
conformational change that results in inactivation of PFK
8and thus in reduction in the overall rate of glycolysis.
A nearly complete primary structure of RM-PFK was 
reported by Poorman et a l . (13). However, this sequence
had a gap of 30 undetermined amino acid residues in the C- 
terminal region. Part of this gap corresponds to the 
postulated substrate ATP binding site in the N-half of the 
protein. Therefore, identification of these residues in 
the gap is important for understanding the function of the 
C-half of this enzyme. This dissertation presents the 
determination of the nucleotide sequence for RM-pfk (also 
see ref. 10). This DNA sequence includes all the coding 
regions for RM-PFK. Thus the deduced amino acid sequence 
from this gene sequence has completed the primary structure 
of this enzyme.
C . Phosphofruetokinases and their evolution
Eukaryotic PFKs (75-95 kD) are about twice the size of 
prokaryotic enzymes (32-38 k D ). Recently, Poorman et a l . 
(13) reported that RM-PFK is closely related to the 
bacterial PFKs because of the sequence homology between RM- 
PFK and the bacterial PFKs. They also noted that the N- 
half and C-half of RM-PFK share substantial internal 
sequence homology (13). Based on the size of the protein 
and the sequence conservation, Poorman et a l . proposed that 
mammalian PFK evolved from a prokaryotic ancestor by gene
9duplication and divergence (13), This speculated pathway 
of PFK evolution is supported by our recent finding on the 
genomic organization of RM-PFK gene as will be seen in thiB 
dissertation.
Based on structural similarities to Bs-PFK and the 
known D2 symmetry of the mammalian PFK tetramer (26), 
Poorman e_t al . (13) proposed a working model for RM-PFK.
This model predicted that the N- and C-halves of each 
subunit are equivalent in tertiary and quaternary 
structural organization to a hypothetical Bs-PFK dimer 
joined end-to-end along the y-axis by a connecting peptide. 
Four of the "dimeric" subunits associate to form a 
tetramer. Crystal1ographic analysis of Bs-PFK revealed 
potential active site regions for the substrates F6P and 
ATP, and an allosteric site for the activator ADP.
Doubling of the Bs-PFK structure should give a RM-PFK 
tetramer with eight active sites and eight allosteric 
sites. However, equilibrium binding studies revealed that 
there are only four catalytic sites in RM-PFK (27). This 
and the fact that there are a greater number of effectors 
regulating the mammalian enzyme suggested that half of the 
catalytic sites in the hypothetical Bs-PFK octamer have 
evolved to provide allosteric functions in the RM-PFK.
Poorman et a l . (13) indicated that the amino acid
sequence homology between Bs-PFK and the N-half of RM-PFK 
is greater than that between Bs-PFK and the C-half of RM- 
PFK. Hellinga and Evans (5) also demonstrated that, the
10
conservation of amino acid residues critical to the 
catalytic site of Bs-PFK are conserved in the N-half but 
not in the C-half of RM-PFK. These results suggest that 
the C-half of RM-PFK has evolved to play a regulatory 
rather than a catalytic role.
Studies on the structure and organization of the 
rabbit PFK gene would not only test Poorman’s hypothetical 
evolutionary pathway but also provide a molecular handle to 
examine the structure and function of this key regulatory 
enzyme in the glycolytic pathway. In addition, because 
the kinetics of rabbit muscle PFK are so well defined, RM- 
PFK is an ideal model for studying the structure, function, 
differentiation and evolution of eukaryotic FFK in general. 
For this reason, a completed DN'A sequence including the 
exons, introns and regulatory elements is essential. This 
dissertati on presents an approach to the characterization 
of tii e R M - pf k gene.
The experimental strategy used through this entire 
study employs recombinant DNA technology. Recombinant DNA 
technology is an important breakthrough in the biological 
sciences and has revolutionized molecular biology and 
genetics. It has provided powerful and novel approaches 
to understanding the complicated regulation mechanism of 
eukaryotic gene expression. It has also superceded 
conventional methods for determining the amino acid
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sequence of a protein Bi nee the ami no ac id sequence of 
protein can easily be deduced from the nt sequence of its 
gene. The most basic elements of this technology are (a) 
restriction endonucleases which recognize specific nt 
sequences making genes easily be fragmented and analyzed,
(b) nucleic acid hybridization which makes it possible to 
identify specific sequences of DNA or RNA with great 
accuracy and sensitivity by their ability to bind a 
complementary nucleic acid sequence, (c) DNA cion ing which
allows specific DNA fragments to be inserted into a rapidly 
replicating genetic element, such as plasmid or virus, so 
that they can be amplified easily in bacteria or yeast, (d)
DNA sequencing of the nucleic acid molecules in a cloned 
DNA fragment. With this technology in our hand, it 
becomes possible to analyze RM-pfk at the level of 
nucleotide sequence.
This dissertation is divided into four parts. The 
first part describes the isolation and verification of two 
genomic clones coding for rabbit PFK. Part II focuses on 
the cloning, sequencing and characterization of the 
Ch4A/pfkl clone using a sonication strategy. Part III 
describes the use of a shotgun restriction approach to 
clone, sequence and characterize the Ch4A/pfk2 clone.
Finally, a strategy for the sequencing of a partial cDNA 
covering the 3 '-terminal region of RM-PFK is presented in 
Part IV.
During the course of this study, we have developed
1 2
efficient methods for DNA sequencing and quick exon 
sequence location which is particularly useful for large 
DNA sequencing projects.
PART X
ISOLATION AND VERIFICATION OF 
TWO RABBIT PFK GENOMIC CLONES
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ABSTRACT
An M13 cDNA clone encoding a 180-bp sequence from the 
C-terminal region of rabbit muscle phosphofruetokinaBe (RM- 
PFK) was isolated from a random rabbit muBcle cDNA library 
by Putney et a l . (Nature 302:718-721, 1983). This 180-bp
cDNA fragment was subcloned into pBR322 plasmid vector. 
Using this pBR322/PFKcDNA as a probe, two rabbit PFK 
genomic clones were isolated from a rabbit liver DNA 
library constructed in lambda Charon 4A vector. These two 
genomic clones showed unique endonuclease digestion 
patterns. Using nick-translated pBR322/PFKcDNA and an 
end-labeled synthetic oligomer as probes, Southern blot 
analysis suggests that each of the two genomic clones 
contained rabbit PFK gene sequences.
INTRODUCTION
Understanding genes from higher organisms requires the 
determination of long stretches of nucleotide sequences. 
However, isolation, purification and verification of 
genomic clones is the first essential step in thiB process.
It is very difficult to isolate single-copy structural 
genes from complex eukaryotic genomes using conventional 
biochemical methods. With the aid of recombinant DNA
1 4
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techniques, however, it has become possible to manipulate 
and study complex eukaryotic genomes. Three technical 
advances have made thiB easier : (a) a rapid iji a i tu plaque
hybridisation procedure has been developed by Benton and 
Davis (28); (b) EK2-certified lambda cloning vectors have
been constructed (32,33); (c) iji vitro packaging systems
have been developed for use in recombinant DNA experiments 
(34,35). Based on these advances, a rapid method for gene 
isolation has been developed by Maniatis e_t al . (44) which
provides some advantages over previous techniques. First, 
all members of an evolutionarily- or deve1opmenta11y- 
related gene family can be isolated in a single step by 
library screening with a mixed probe. Second, isolation of 
a set of overlapping clones, all containing parts of a 
given gene, permits the study of sequences extending many 
kilobases from the gene in the 5 ’ and 3' directions. 
Finally, even more distant regions along the chromosome can 
be obtained by rescreening the library using terminal 
fragments of the initially selected clones, allowing the 
isolation of linked genes. This procedure has been given 
the name of "chromosome walking".
Using lambda cloning and an iji v i tro packaging 
procedure, Maniatis et a l . constructed a permanent rabbit 
DNA library in lambda Charon 4A phage vector (44). They 
employed two methods to generate random eukaryotic DNA 
fragments: the physical shearing followed by Sl-nuclease-
trimming method complement with a nonlimit restriction
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endonuclease digestion with two enzymes (Hael11 and Alul ) 
that cleave frequently and generate blunt-ended molecules. 
These fragmented DNA molecules were joined to EcoRI 
linkers. After fragmentation, a size-fractionation step 
using sucrose gradient centrifugation was carried out to 
obtain molecules of approximately 20 kb. This size- 
fractionation step is critical to reduce the number of 
piaques required for screen ing an ent i re genome and 
minimize the possibility of small eukaryotic DNA fragments 
joining to each other and subsequently to the vector. We 
received a copy of this rabbit library as a gift from Dr.
R. C. Hardison and isolated two PFK genomic clones by using 
a short RM-PFKcDNA as a probe. This cDNA probe, 
corresponding to the C-terminal region of RM-PFK, was 
obtained from Dr. Scott Putney by way of collaboration.
This cDNA probe was also used to characterize the two 
rabbit genomic clones. The background of this cDNA probe 
is outlined in Figure 1.
MATERIALS AND METHODS
A. Material
(a). Bacterial strains and media
The E_^  col i strain K803 was obtained from Ross C. 
Hardison at Pennsylvania State University (University Park, 
PA) and grown in NZCYM medium (45) (See Appendix 4)
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supplemented with 0.2% maltose and 10 mM magnesium 
chloride. The E^ coli JM103 was obtained from Joachim 
Messing at the University of Minnesota (St. Paul, M N ). The 
E . coli strain H6101 was obtained from Cold Spring Harbor 
Laboratory (Cold Spring Harbor, NY) and grown in LB medium 
(See Appendix 4). The genotypes of the bacterial strains 
can be found in Appendix 3,
(b). Chemicals and enzymes
NZ amine (Type A) was purchased from Sheffield 
Products (Memphis, T N ). Bacto-tryptone, Bacto-yeast 
extract, and Bacto-agar were purchased from Difco 
Laboratory (Detroit, Michigan), Antibiotics were purchased 
from Sigma Chemical Co. (St. Louis, Mo). Agarose, 
dithiothreitol, urea, and cesium chloride were purchased 
from Bethesda Research Laboratories (BRL) (Gaithersburg,
M D ). Hexamine cobalt (III) chloride, rubidium chloride, 
and dimethyl sulfoxide (DMSO) were purchased from Alfa 
(Danvers, MA ) . Po1 yethy1eneg1yco1 (PEG 6000) was purchased 
from Sigma. Nitrocellulose filters (NCF) were purchased 
from Schleicher & Schuell (Keene, NH). DNA polymerase I,
T4 polynucleotide kinase, ribonuclease T 1 , and 
deoxyribonuclease I were purchased from BRL. Restriction 
endonucleases and T4 DNA ligase were purchased either from 
Boehringer Mannheim Biochemicals (Indianapolis, Indiana) or 
BRL.
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<c). Oligonucleotides and radioactive chemicals
The oligodeoxyribonucleotides (Figure 10 and Appendix 
2) used as probes were synthesized in an automated DNA 
synthesizer (Applied Biosystems, Model 380A) using solid
32support phosphite chemiBtry (37). [Alpha- P]- 
deoxynucleoside triphosphates were purchased from ICN 
Biochemicals, Inc, (Irvine, C A ) ( '600 Ci/mmol). [Gamma-
32PJ-adenosine 5'-triphosphate was purchased from New 
England Nuclear (Boston, Massachusetts) ( ~500 Ci/mmol).
B. Methods
(a). Construction of cDNA probe
A shotgun cDNA library of rabbit muscle poly(A)RNA was 
cloned in M13mp8 phage vector by Putney ejt al . (14) (Figure
1). Among 178 randomly selected clones whose sequences 
were determined, a computer search for RM-PFK coding 
regions identified a single PFK clone (M 13mp8/PFKcDNA}.
This clone contained a 180-bp insert that matched a 60- 
codon region in the C-terminus of RM-PFK. The lac sequence 
in the M 13mp8/PFKcDNA probe made it unsuitable for the 
direct screening of lambda Charon 4A library by plaque 
hybridization. The verified cDNA clone was therefore 
amplified as M13RF, excised by double digestion, isolated 
from an agarose gel, and subcloned into the Hindl11 and 
BamHI sites of pBR322 (pBR322/PFKcDNA) (Figure 2). This
pBR322/PFKcDNA was then nick-translated (50) in the
32presence of (alpha- P)dATP and used to probe
nitrocellulose blots and a lambda phage library (Figure 2).
(b). Isolation and purification of rabbit. PFK genes
A rabbit genomic library cloned in lambda Charon 4A 
phage vector was received from R. C. Hardison (44). Phage 
particles equivalent to one genomic copy (approximately
300,000 pfu) were plated at a density of 30,000 pfu/15 cm 
dish and screened for the rabbit PFK gene following the 
procedure described by Maniatis ej: al . (45), The
hybridization probe was nick-translated pBR322/PFKcDNA as 
described above. Positive phage plaques shown to be 
reproducible on duplicate filters were isolated and further 
purified by replating. Endonuclease cleavage patterns for 
the DNA of these purified phage clones were carried out by 
digesting phage DNA prepared by rapid lysate procedure (38) 
with several restriction enzymes singly or in combination. 
The digests were analyzed by gel electrophoresis followed 
by nitrocellulose blot hybridization using nick-translated 
pBR322/PFKcDNA as a C-terminal probe and an end-labeled 
oligonucleotide (PFK0) (Figure 10 and Appendix 2) 
correspond i ng to codons numbe r 2 through 6 of RM-PFK as an 
N-terminal probe.
RESULTS
2 1
Like agarose gel electrophoresis and restriction 
endonucleases, DNA probes are essential tools of molecular 
biology. They are used to demonstrate the presence of a 
homologous sequence in another sample of nucleic acid. To
isolate and identify a genomic clone for a particular 
protein from a gene library, a specific DNA probe must be 
prepared. For this study of mammalian PFK genes, we 
obtained a short rabbit muBcle PFKcDNA probe cloned in 
M13mp8 vector from Dr. Scott Putney (14). However, this 
Ml3mp8/PFKcDNA probe was not suitable for direct screening 
of a lambda library since a homologous lac sequence exists 
in both Ml 3 and lambda charon phage DNA. The entire 
PFKcDNA insert was, therefore, purified and subcloned into 
pBR322 using a forced cloning procedure as shown in Figure 
2. The resulting pBR322/PFKcDNA was then amplified, nick- 
translated, and used as a probe. Using this cloned PFKcDNA 
probe, we screened 300,000 recombinant phage plaques from a 
rabbit genomic DNA library. Three positive clones were 
picked and rescreened (Figure 3). All three clones were 
verified by rescreening to be ture positives. Preliminary 
restriction analysis showed only two different digestion 
patterns (Figure 4). Therefore, two clones, namely 
ACh4A/pfkl and A.Ch4A/pfk2, having different restriction 
patterns, were chosen for further characterization. The 
endonuclease cleavage patterns and the Southern blot 
analysis are Bhown in Figure 5. Panel A shows the
2 2
different restriction pattern of the two positive phage 
clones. Panels B and C show the autoradiograms from 
Southern hybridization and suggest two individual clones 
covering both N- and C- terminal region of rabbit PFK.
These results suggest that ACh4A/pfkl and *-Ch4A/pfk2 may 
represent two different genomic clones encoding two 
different PFK isozymes and having a strong sequence 
homology between them. However, from the sequence data 
shown later in this dissertation, pfkl and pfk2 are two 
overlapping clones and together form a single gene encoding 
the RM-PFK. Pfkl contains almost the entire PFK gene while 
pfk2 carries on 1y the 3 * region of the gene plus 
substantial flanking sequences.
The isolation and verification of the two rabbit PFK 
genomic clones represented the first step toward the long­
term goal of using recombinant DNA technique to study the 
PFK isozymes in molecular detail.
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Figure 2_. Strategy used for isolation and verification of 
the rabbit PFK genomic clones.
Figure 3. Plaque hybridization to screen the rabbit DNA 
1i brary for PFK gene sequences. pBR322/PFKcDNA was used 
as the probe. A and B: Autoradiograms of duplicate
nitrocellulose filters (2 A 2') showing specific 
hybr idi zat ion s ignals. A: the first screening of plaque 
hybridization. B: the second hybridization screening of
the pos i t i ve clone obtained f ron A .
Figure 4. Restriet i on digest ion pattern of three posi t ive 
genomic c 1ones screened from repeated plaque hybridization. 
Panel A, B, C, D, and E contain the same set of DNA samples 
but digest with different restriction enzymeB. A: uncut, 
B: BamH I , C: HindiII, D: PstI. E: EcoR I . Lanes 1, 4, 7, 
11, and 14 are from clone #1. Lanes 2, 5, 8, 12, and 15 
are from clone #2. Lanes 3, 6, 9, 13, and 16 are from
clone #5. Lane 10: size marker (lambda DNA/Hindl11).
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Figure 5. Comparisons of restriction digestion pattern and 
Southern blot hybridization between ACh4A/pfkl and 
a.Ch4A/pfk2 clones. A: Restriction digestion pattern of 
t,Ch4A/pfk 1 and /CCh4A/pfk2. Restriction enzymes used are 
shown below each lane. int=uncut, B-BaaH I , E=BcoR l ,
H = Hindl11, K=KpnI . */H=size marker. Panel B: Southern 
hybridization using nick—translated pBR322/PFKcDNA as the 
C-terminal probe. Panel C; Southern hybridization using 
end-labeled synthetic oligonucleotide corresponding to 
codon number 2 through 6 of the RM-PFK as the N-terminal 
probe.
PART IT
CLONING, SEQUENCING AND CHARACTERIZATION 
OF Ch4A/pfk1 GENOMIC CLONE
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ABSTRACT
Sonication libraries of the three large EcoRI 
fragments of the cloned pfk1 gene were constructed in 
M13mpl8 and mpl9 vectors using a shotgun cloning strategy. 
This shotgun strategy included four major steps: (a) DNA
fragmentation by sonication, (b) shotgun cloning and 
sequencing, (c) five-step quick exon sequence location, < d > 
computer analysis. This strategy is especially valuable 
for large DNA sequencing projects. By using this 
strategy, we determined the nucleotide sequence for all the 
exons and mos t of the introns of the rabbi t muse 1e PFK 
gene. This represents the first eukaryotic PFK gene ever 
sequenced. The cloned pfkl gene is 17 kb in length and 
contains 22 exons separated by 21 introns. Exons range in 
size from 45 to 190 bp, while introns vary from 78 to 3,500 
bp in length. The 22 exons code for 779 amino acid 
residues with a calculated molecular weight of 84,975 
daltons. Exons XV and XVI together code for the 30 amino 
acid residues which were left undetermined in the published 
primary structure for RM-PFK. Sequence analysis shows 74% 
of the bases at the third position of the codons in the 
coding exons are either G or C suggesting that the cloned 
gene encodes for RM-PFK rather than other PFK isozymes.
The intron/exon organization of this gene fits Gilbert's 
gene mosaic hypothesis. Sequence comparisons between 
bacterial PFKs and RM-PFK and between the N- and C-halves
28
29
of RM-PFK suggest that mammalian PFK evolved from a 
prokaryotic progenitor by gene duplication and divergence.
INTRODUCTION
As shown in Figure 5, the size of the pfkl insert is
17 kb which is a little larger than pfk2. For a large DNA
fragment like pfkl, random subcloning is a convenient 
approach for determining DNA sequence and thus elucidating 
the gene structure and function (47,74). In this section, 
we chose a mechanical shearing method to obtain random and
overlapped fragments. Fragmentation of DNA by sonic
disruption produces predominantly S ’-phosphate and 3'- 
hydroxyl group (49). Such sonicated ends are easily 
repaired by enzymes such as T4 DNA polymerase.
Therefore, sonication is used in combination with enzymatic 
repair of the fragment ends to prepare the pfkl gene 
f ragments.
After the clone banks are constructed, DNA sequencing 
becomes the limiting step in producing the nt sequence. 
Since currently used methods for DNA sequencing (51,73) are 
relatively time-consuming, modifications and improvements 
made to sequencing systems are presented in this part. Two 
important factors are required for rapid sequencing: (a) a
ssDNA phage cloning vehicle, and (b) a universal sequencing 
primer (47). The combination of the E_^  coli lac syatem
3 0
and the filamentous asDNA phage Ml 3 provides a good 
biological system for preparing cloned templates in a 
single-stranded form required for DNA sequencing with chain 
terminators (51). The cloning, sequencing, and sequence 
analysis of the ACh4A/pfkl genomic clone in this PART 
produced details on the structural features of this gene 
and implications for its structure, function and evolution.
The experimental design of this PART focuses on the 
following subjects:
(a). DNA fragmentation by sonication
(b). shotgun cloning and sequencing
(c). five-step quick exon sequence location
(d). computer analysis
MATERIALS AND METHODS
A. Materials
(a). Bacterial strains and media
The M13mpl8 and mpl9 vectors and the £_i. coli strain 
JM107 were obtained from J. Messing as described 
previously. The E_^  col i strain JM107 was grown in 2X YT
medium (See Appendix 4). The Ej_ coll host used for
plating the lambda phage clone was strain K803 as decribed 
in the MATERIALS AND METHODS of PART I . The genotypes of 
the bacterial strains are shown in Appendix 3.
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(b). Chemicals and enzymes
Acrylamide, N ',N ’-methylenebisacry1amide, N,N,N',N'- 
tetramethylethylenediamine (TEMED), urea, and ammonium 
persulfate used for DNA sequencing were purchased from Bio- 
Rad Laboratories (Richmond, C A ) . Amberlite MB-1 ion 
exchange resin was purchased from Mai1inckrodt, Inc.
(Paris, K Y ). Deoxyribonucleotides and
dideoxyribonucleotides were purchased from Pharmacia Inc. 
(Piscataway, N J ). Sucrose was purchased from BRL. 
Formamide, xylene cyanol FF, bromophenol blue, and 
ethy 1enediamine tetraacetic acid (EDTA, disodium salt) used 
for the preparation of sequenc i ng stop soluti on were 
purchased from Sigma Chemical Company. Polyethylene 
glycol-6000 used in the preparation of template DNA was 
purchased from BDH Chemicals Ltd. (Poole, England). K-Mes 
(2 (N-morpholino] ethane sulfonic acid) used in the 
preparation of transformation buffer was purchased from 
Sigma. 5-Bromo-4-eh 1 o ro-3 - i ndo 1 y 1 -/9-D-ga lac t os i de (X-gal) 
and i sopropy 1 -/3-D-th i ogalac topyranos ide (IPTG) were 
purchased from BRL. Proteinase K was purchased from 
Sigma. The large fragment of DNA polymerase I (Klenow 
fragment) used for DNA sequencing reaction was purchased 
from Boehringer Mannheim GmBH. T4 DNA polymerase and 
bacterial alkaline phosphatase were purchased from BRL.
The universal sequencing primer (M13-17-mer) was either 
purchased from New England BioLabs (Beverly, M A ) or 
synthesized by an automated DNA synthesizer (Applied
3 2
Biosystems, Model 380A). All other
oligodeoxyribonucleotideB used as hybridization probes and 
sequencing primers were also synthesized by the same DNA 
synthesizer. ^S-Deoxyadenosine S'-lalpha-
thio]triphosphate used in DNA sequencing reaction was 
purchased form New England Nuclear ( '1200 Ci/mmol). All
other materials uBed in this PART were as described in 
MATERIALS AND METHODS of PART I.
B. Methods
(a). Preparation of ACh4A/pfkl DNA and restriction analysis
Lambda Charon phage were grown essentially as 
described by Blattner ejt al . (32) and Maniatis ejt al . (45).
Briefly, the E_^  co1i host strain K803 cells were infected 
with Charon phage at low multiplicity (10 cells/5 X 10 
phages) . The infected culture was then inoculated into 
500 ml of NZCYM medium supplemented with 0.2% maltose and 
10 mM magnesium chloride. This culture was incubated at 37° 
C with vigorous shaking until cell lysis occurred (9-12 
h rs). The lysed culture was treated with pancreatic DNase 
and RNase to digest the nucleic acids liberated from the 
lysed bacteria, which might otherwise entrap bateriophage 
particles. Cell debris were removed by centrifugation at
8,000 rpm (used Sorvall GSA rotor) for 10 minutes at 4°C. 
Solid polyethylene glycol (PEG 6000) was added into the 
supernatant to a final concentration of 10% w/v to
33
precipitate phage. Precipitated phage particles were 
resuspended in SM (See Appendix 4) and purified by step 
gradient followed by equilibrium centrifugation in cesium 
chloride solution (1.5 g/ml). Purified phage were dialyzed 
against 10 mM NaCl, 50 mM Tris.Cl (pH8.0), and 10 mM MgCl . 
The dialysate was adjusted to 20 mM EDTA, 0.5% SDS and 
digested for 1 hr at with 50 ug/ml proteinase K to
release phage DNA. The phage DNA was extracted with 
phenol, phenol/chloroform mixture (1:1), and chloroform. 
Finally, the aqueous phase containing phage DNA was 
dialyzed extensively against TE pH 8.0. This purified phage 
DNA was used for restriction mapping and subsequent cloning 
and charac ter i zat i o n . Res t r i ct i on analys i s was per f ormed 
by si ng1e and double restriction digestions of the X  
Ch4A/pfkl DNA and resulting fragments were analyzed on 1% 
agarose ge1s .
<b). Preparation of sonication libraries
Figure 6 diagrams the approach used to construct the 
sonication libraries. The restriction map of pfkl revealed 
that there were two internal EcoRI sites. Therefore, the 
purified A,Ch4A/pfkl DNA was digested with EcoRI to release 
the three EcoRI insert fragments and fractionated on 
aga rose gel. These three EcoRI insert fragments, E 2 .5k,
E 8 .9 k , and E 6 .0 k , were subcloned into the EcoRI site of 
M13mpl9, pBR325, and M13ropl8 vectors, respectively. The 
resulting recombinant clones were amplified by standard
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procedures (45), excised by EcoRI digestion, isolated from 
an agarose gel, and purified separately by electroelution. 
The se electroeluted DNA fragments were extracted once by 
phenol followed by chloroform extraction and ethanol 
precipitation (45) .
(b)-l. Sonication of DNA
The following procedure was performed as described by 
Deininger (41) with some modifications. To avoid any 
potentially nonrandom shearing effects near the ends of 
molecules, 10 ug of each fragment (i.e., E2.5k, E 8 .9k, and 
E 6 .O k ) was recircularized by incubation at 15 C overnight 
in 250 ul of ligation buffer (70 mM Tris-Cl, ph 7.5, 10 mM
MgCl , 10 mM DTT, and 1 mM rATP) with 5 units of T4 DNA
ligase. Sonication was carried out using the microtip
of a Heat Systems Sonicator Model W-225R (Heat Systems- 
Ultrasonics, Inc. , Plainview, NY) . The sonicator probe was 
immersed 3-4 mm into the solution. Samples were kept in 
ice water during sonication. A relative intensity of 12 
(calibated) with bursts of 5 seconds spaced by 15 seconds 
cooling was used in this sonication experiment. Totally, 
six bursts were performed for each sample. Before the end- 
repair reactions, the sonicated DNA samples were extracted 
with phenol/chloroform (1:1) followed by chloroform 
extraction and ethanol precipitation.
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i gure 6. Strategy for constructing sonication libraries.
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(b)-2. Repair of fragmented DNA ends
The sonicated DNA fragment ends were filled by T4 DNA 
polymerase using a modification of the conditions in 
Deininger (41). Fragments were suspended in 50 ul of T4 
DNA polymerase repairing buffer (See Appendix 4) and 
incubated with 10 units of T4 DNA polymerase at 15°C for 2 
hrs followed by 37"C for 5 min. The reaction was 
terminated by phenol extraction followed by 
phenol/chloroform extraction and chloroform extraction.
The DNA fragments were ethanol precipitated prior to size 
fractionation and ligation.
(b)-3. Size fractionation
Size fractionations were carried out on lit agarose gel 
in 1 X TBE containing 0.5 ug/ml EtBr. The gel was 
overloaded with the sonicated, repaired DNA fragments. To
avoid diffusion of DNA fragments, short electrophoresis was
performed by running the gel under high voltages (5V/cm). 
The DNA was visualized using UV irradiation and EtBr 
fluorescence. Size fractions of about 300 - 1000 bp 
fragments were excised from the gel and the DNA eluted as 
described previously (45).
(C). Screening of sonication libraries
The strategy for constructing a sonication library is 
shown in Figure 6. M13mpl8 and mpl9 vectors were
digested with SmaI and treated with BAP to prevent
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religation of the vector and to reduce background plaques. 
Blunt ended DNA fragments were cloned by ligating directly 
into the Smal site of these BAP-treated M13mpl8 and mpl9 
vectors. Ligations were carried out in a 20-ul volume 
using 10 ng of blunt-end vector and an estimated 10 ng of 
the size fractionated DNA fragments. Ligation reactions 
were incubated with 5 units of T4 DNA ligase at 15°C 
overnight. These ligated mixtures were used to transform 
the E_^  coli strain JM107 using Hanahan’s procedure {42). 
The successful transformants appeared as white plaques on 
IPTG/X-gal indicator plates and were picked up for 2 ml 
miniprep stocks and dot blot analysis (48). Dot blot 
filters were made by spotting a one ul aliquot of 
supernatant from each phage stock onto gridded NCF. Then, 
these dot blot filters were denatured, neutralized, washed 
with 2X SSPE, air dried and baked at 80*C under vacuum for 
2 hrs as descri bed by Man i at i s et a 1. (45). Probes used in
this dot blot analysis were nick-translated DNA fragments 
of E 2 .5k, E 8 .9 k , and E 6 .Ok.
(D). Template preparation and DNA sequencing
M13 recombinant clones with strongly positive 
hybridization signals were chosen for DNA sequencing. The 
preparation of the M13 ssDNA templates was performed 
essentially as described by Messing (48) with some 
modifications. The detailed protocol for the rapid
3 8
template DNA isolation is shown in Appendix 7.
DNA sequencing was carried out by combining the chain 
terminator dideoxy method of Sanger e_t al . (51) and
Biggin's method using buffer gradient gel and S label 
(30). Sequencing reactions were carried out in Eppendorf 
tubes instead of capillaries as described by Messing (47). 
The primers used in these DNA sequencing reactions were 
universa1 M 13 primers or oligonucleotides corresponding or 
complementary to the coding regions of RM-PFK. A 6% 
polyacrylamide gel (50 X 20 X 0.04 cm) with a 0.5X/2.5X TBE 
buffer gradient was prepared as modified from Biggin e_t al . 
(30) for running the sequencing reactions. The step-by- 
step procedures for DNA sequencing are shown in Appendix 8.
(E). Nucleotide sequence analysis
Two computer programs were used to analyze the 
nucleotide sequences obtained from the sequencing gel: (a)
for quick exon sequence location, an IBM PCS program was 
used on an IBM PC to translate the DNA sequence into amino 
acid sequences in six possible reading frames and compare 
the translated sequence with the known PFK sequence. (b) 
For locating sequence overlaps and all other sequence 
analysis, the Staden program (75) was used on a Vax 11-750 
computer.
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RESULTS
A. Restriciton analysis
The *_Ch4A/pfkl DNA was prepared in large quantity and 
subject to restriction analysis. The detailed restriction 
map of the cloned pfkl gene is presented in Figure 13. This 
restriction map indicates that there are two internal EcoRI 
sites, two Hi ndl11 sites, one Kpnl site, 18 PvulI sites, 
and 15 Pst1 sites. This gene is 17 kb in length between 
the two flanking EcoRI linkers. The E2.5k and E 6 .Ok 
fragments contain sequences coding for the N- and C- 
terminal portion of rabbit muscle PFK, respectively.
B. Sonication, repairing, and size fractionation
The three EcoRI fragments E2.5k, E 8 .9K and E 6 .Ok were 
excised from the ACh4A/pfkl DNA and subcloned into 
M13mpl9, pBR325, and M13mpl8 vectors, respectively, for 
several reasons: (a) to amplify and prepare large amount
of DNA easily for sonication, (b) to avoid small fragments 
resulting from restriction digestions other than EcoR I , 
since these are not good substrates for sonication, (c) to 
avoid the lambda phage vector sequence which interferes 
with cloning experiments and sequence interpretation. 
Fragmentation of DNA by sonication is influenced by the 
amplitude, the time of sonication, and the conditions of 
DNA solution (49). The DNA fragment size varies with the 
amplitude used. The smaller the DNA fragments desired, the
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higher the amplitude used. The shearing rate of DNA under 
different amplitude settings is quite different. This can 
be optimized by calibration on any DNA sample. Based on 
this principle, proper fragmentation conditions were 
developed in this sonication experiment using pBR322 DNA as 
the calibrating sample. The agarose gel pattern after 
sonication under the calibrated conditions is shown in 
Figure 7. All three EcoRI fragments showed fragmentation 
patterns after sonication that produce a fragment 
distribution from 100 to 1,500 n t .
Fragmentation of DNA by sonication produces fragments 
with over-hanging ends. Therefore, it is necessary to 
repa i r the ends for cloning into the blunt-ended site of 
Ml 3 vectors. T4 DNA polymerase was used to fill up the 
ends of sonicated DNA fragments as described under 
MATERIALS AND METHODS. After repair of sonicated DNA ends, 
cloning efficiency was about 10 clones per ng of insert DNA 
as estimated by ligations using 10 ng of sonicated DNA and 
10 ng of the blund-end M13 vector. This result agrees with 
that reported by Deininger (41).
Size fractionation is critical to obtaining the proper 
size range of DNA fragments for cloning. An agarose gel 
electrophoresis fractionation step is routinely used for 
this purpose. Fragments with the size of 300-1000 bp 
(Figure 7) were excised from agarose gel and purified for 
c 1 on i n g .
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Figure 7. Size fractionation of the sonicated DNA 
fragments by using gel electrophoresis. Lanes 1 fc 8 : 
size marker (^ .DNA/Hindl11+EcoRI plus pBR322/Alul). LaneB 
2, 4, and 6 represent unsonicated E2.5K, E6.0K, and E8.9K, 
respectively. Lanes 3, 5, and 7 represent sonicated DNA 
samples of E2.5K, E8.9K, and E6.OK, respectively.
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C. Construction and screening of sonication libraries
Three sonication libraries covering the three large 
EcoRI fragments of the pfkl gene were constructed in this 
study and presented in Figure 8 and Table 1. These three 
sonication libraries were screened by dot blot 
hybridization using nick-translated E2.5k, E8.9k and E6 . Ok 
fragments as probes. The strength of the hybridization 
signals roughly reflects the size of the insert. From the 
dot blot analysis, 74 out of 94 clones in the E2.5k library 
(panel A), 260 out of 320 cloneB in the E8.9k library 
(panel C) and 200 out of 226 clones in the E6.Ok library 
(panel B) were positive. A summary of the sonication 
library and the dot blot analysis is shown in Table 1.
This table shows that 83% of the clones (534 out of 640) 
from the sonication libraries gave positive hybridization 
signals with the probes used. Among these positive clones, 
300 clones with stronger hybridization signals were chosen 
for sequence analysis.
D. DNA sequencing
Single-stranded DNA templates were prepared from the 
300 positive M13 recombinant clones and sequenced using3*
S as the radioactive label. In order to increase gel 
resolution, we used 50-cm instead of 40-cm long sequencing 
gels with a 0.5 X/2.5 X TBE buffer gradient. Up to 400 
bp from each clone can be resolved. Figure 9 is a sample 
autoradiogram of the sequencing gels routinely produced in
Figure 8. Construction of sonication libraries and dot 
blot screening. Panel A: E 2 .5K library; panel B: E 8 .9K 
library; panel C: E6.0K library.
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Table 1. Summary of the sonication 1ibraries screened by 
dot blot hybridization.
Dot Blot HybridizationSonication Library
Probe
used
N o .clones 
sequenced
Total 
No .
Clone 
N o .
No .
pos i t i ve
pfkl
pos i t i ve
79E2 ,5K 94 2 . 5K 401 - 9 4
882002 2 6 1009 5 - 3 2 0E6 . OK
2 6 0321-640 3 2 0 8 . 9K 81 160E8.9K
534Tota 1 6 4 0 83 3 0 0
45
?. fessz
Figure 9. An autoradiogram of a sequencing gel.
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our laboratory. ThiB figure demonstrates an excellent 
sequencing gel pattern in which the sequence can be read 
unambiguously.
E. Quick localisation of exon sequences
Five steps were carried out to locate the exon 
sequences in pfkl:
(a). Synthetic oligonucleotides corresponding to or 
complementary to the coding regions of RM-PFK were made as 
described by Matteucci and Caruthers (37) (Figure 10 and 
Appendix 2).
(b). These synthetic oligomers were used to probe the dot 
blot filters of the sonication library (Figure 11).
(c). Clones with positive hybridization signals were 
sequenced using their corresponding oligo-probes as 
sequencing primers.
(d). Sequences read from the sequencing gels were 
translated into amino acid sequences of six possible 
reading frames using the PCTRANS and PCINVERT programs of 
the IBM PCS program.
(e). These translated amino acid sequences were then 
compared with the known PFK sequence using the PCMATRIX 
program of the IBM PCS program. Through this five-step 
process, a computer-generated dot plot with the homologous 
regions shown in diagonal line was made. Over 12 exon 
sequences of the cloned pfkl gene were located by using
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THEEHHAARTLGVGKAIAVL.TSGGDAQGMNAAVRAWRVGIFTGARVFFV
<  1 < - -
< o 
HEGYQGLVDGGDHIREATWESVSMMLQLGGTVIGSARCKDFREREGRLRA
— 14 8  > < 16
AHNLVKRGITNLCVIGGDGSLTGADTFRSEWSDLLSDLQKAGKITAEEAT 
RSSYLNIVGLVGSIDNDFCGTDMTIGTDSALHRITEIVDAITTTAQSHQR 
<  2 
TFVLBVMGRHCGYLALVTSLSCGADWVFIPECPPDDNWEDHLCRRLSETR
< ----------- 3
TRGSRLNIIIVAEGAIDRNGKPITSEGVKDLWRRLGYDTRVTVLGHVQR
< --------- 31
GGTPSAFDRILGSRMGVEAVMALLEGTPDTPACWSLSGNQAVRLPLMEC 
VQVTKDVTKAMDEKRFDEAMKLRGRSFMNNWEVYKLLAHIRPPAPKSGSY
<--------33 <---------- 4
TVAVMNVGAPAAGMNAAVRSTVRIGLIQGNRVLVVHDGFEGPAKGQIEEA 
GWSYVGGWTGQGGSKLGSKRTLPKKSFEQISANITKFNIQGLVIIGGFEA 
YTGGLELMEGRKQFDELC1PFVVIPATVSNNVPGSDFSVGADTALNTICT
<----- 5
TCDRIKQSAAGTKRRVFIIETMGGYCGYLATMAGLAAGADAAYIFEEPFT
1 0 2 --------- >------------------------------------------------------1 0 3 --------- > < ---------- 51
<-------- 104
IRDLQANVEHLVQKMKTTVKRGLVLRNEKCNENYTTDFIFNLYSEEGKG1
5 1 5  > 1 0 5 --------- > < ---------- 5 2
<  5 1 6  < ----------1 0 6
FDSRKNVLGHMQQGGSPTPFDRNFATKMGAKAMNWMAGKIKESYRNGRIF 
<  1 0 1  <  6 
ANTPDSGCVLGMRKRALVFQPVTELQNQTDFEHRIPKEQWWLKLRPI L.KI
<---------------------------- cDNA------
LAKYEIDLDTSEHAHLE11ISRKRSGEATV
 >
7--------->
Figure 10. Corresponding location and direction of 
synthetic oligodeoxyribonucleotides and cDNA probe used 
this study.
50
100
150
200
2 5 0
30 0
3 5 0
4 0 0
4 5 0
50 0
5 5 0
6 0 0
6 5 0
7 0 0
7 5 0
779
Figure 11. Dot blot hybridization by using synthetic 
oligonucleotideB as probes to screen sonication libraries. 
Panel A: E8 .9K library probed with end-labeled PFK2 
oligomer. Panel B: E6 .OK library probed with end-labeled 
PFK5 oligomer.
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this five-step processing. Two of the 12 exon sequences 
located by this method is presented in Figure 12. Panel A 
illustrates the shortest exon (Exon VI, 15 codons) and 
panel B the longest exon (ExonlV, 63 codons) located by 
computer-generated dot plotting.
F. Nucleotide sequence analysis of the RM-PFK gene
A sequencing strategy is shown in Figure 13. The 
cloned rabbit pfkl gene is 17 kb in length as shown in 
Figures 13 and Appendix 1. About BOX of pfkl has been 
determined. The nucleotide sequences determined contain 
all exon sequences, 72% of the intron sequences, 61 bp of 
the 5 ’-flanking region, and 718 bp of the 3 f-flanking 
region. The exon map (Figure 13) of this gene was 
unambiguously constructed by comparing the DNA sequence to 
the amino acid sequence of RM-PFK (13). As shown in Figure 
13, Append ix 1 and Table 2, the size of exons ranges f rom 
15 codons in Exon VI to 63 codons in Exon IV.
Approximately, BOX of the cloned gene is occupied by 
introns. As demonstrated by Figure 13 and Table 2, introns 
in the 5* three-quarters of the gene are much longer (up to 
3.500 bp) than those in the 3' quarter of the gene (78 to 
896 bp). As shown in Figure 13(a), the twelve exonB 
encoding the N-half of the protein are scattered over 13 kb 
while the ten exons encoding the C-half of the protein are 
clustered in a length of 4 kb. The determined exon/intron
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5 0 -
1 1 50  100  150  200  250  300  350  400
B.’PFK.SEQ <W = 6 >
S 100 -
0 
50 -
1-
B
1 50 108  150  200  250  308  350  480
B:PFK.SEQ <H = 6 )
Figure 12. Quick exon sequence location by using IBM PCS 
computer program. Panel A and B are the shortest exon 
(Exon VI) and the longest exon (Exon IV) corresponding to 
amino acid residues 198 - 212 and 79-141 of the RM-PFK, 
respectively, located by computer.
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13 k b p  4 Kb p
N - h o l f ----------------------------------------------- 4 « ------- C - h a l f — ►!
24 51 21
. 27 2 5 2 8 6 3 5615 3632 31 42 22 21 3 0 |2 9 5 5| 37 33 36 47
to) 1 --------- K H I --------- M H --- 1— I I ■ ■■■■!■ H Bi ii m iv v vi v« v* rx x xt x« xih) xvjxvnycrx f xxi xx ii
XIV XVI XVIH XX
XSs H SmSpSinB S X BS* HSm St SmS
{b) [ T U  A* | ‘ '" A A*1**1 * |M i— r ^ u ^ ^ L i
(C) r
Sonication j 
fragments ]
E E  K E E
Figure 13. Restriction map, genomic organization and 
sequencing strategy of the RM-PFK gene. (a) Exons are 
shown as solid boxeB drawn in approximate scale. Numbers 
located directly above indicate the number of aa residues 
encoded by each respective exon. Exons are designated by 
roman numerals in order from the N- to C-termini of the 
encode protein. The arrow labeled N-half spans exons 
encoding the amino half of the protein while the C-half 
arrow spans exons encoding the carboxyl-ha1f of the 
protein. (b) Restriction sites are B-BamH I , E = EcoR I ,
H = H ind111, K=KpnI . S = SalI, Sm = SmaI . Sp=SphI , Ss = SstI.
X ~ X b a I , solid triangles = Ps_tI , and open ci rc les = Pvul I . (c)
Sonication fragments which have been sequenced. The arrows 
indicate the 3 '-end of the fragments.
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able 2 . Intron/exon organization of the RM-PFK gene .
Eiun
No .
Length
bp
Nu. A. A* 
encoded
lntron
No.
Length
bp
Spllcinl junction 
5' 3 ‘
Type of 
splicing
Branch 
pci nt
1 82 27 1 3500 AAG/gteagg-- -tcectgtccccgcag/C I c tcac
2 74 25 2 300 GAG/gtcegt-- -agolatatcccaceg/G 0 ctgac
3 78 26 3 350 CTG/gteggl-- -cctctttog tcaeeg/G 0 ctgac
4 190 63 4 3000 CGG/glgaga-- -gottottottgleas/G I g teat
5 166 56 5 275 GAG/gtscsc-' -gtctctctettgceg/C I I gtaag
6 45 15 6 433 -ctggctc tctctcag/A I I ctgeg
7 109 36 7 1 70 CAC/gtgctg-- -tctctgcxtgaccog/A 0 ctoat
8 96 32 8 191 GAT/gttsut-- -gcttggtcccctcag/T 0 ttgac
9 93 31 9 1001 CTC/gtgagt-- ■acegeggtcctgcsg/C 0 ctgag
10 126 42 10 800 -ctgctcc tccctcag/A 0 ctgeg
1 1 65 22 1 1 6 00 CCG/glgagg --actteattttcseas/G 11 ctgsa
12 64 2 1 12 4 33 AAG/gtacga-- -geotstgtagagtag/A 0 C t C Jif
1 3 ISO 50 1 3 300 CAG/gtatgg-- -ggect t ttcetgcag/A 0 CtRIC
14 7 1 24 1 4 207 AAG/gtgagc-- -ctccgg tccaactag/G 11 ttffat
1 5 88 29 1 5 165 GAG/gtgag t---atgatctcccgtcsg/G 0 ccff frc
16 153 5 1 16 316 ACG/gtgcag— -tccccg tgcctgcag/A 0 ■ tffttc
17 165 55 17 710 CAC/gtagac-- -aectttggctt tcag/G 0 CCC1P
18 62 21 18 168 GAG/gtactg-- -ggecetccctggoag/G 11 fftcaff
19 112 37 19 896 CAG/gtatgc-- -gleet tot 11 ttcag/C 0 Itiiit
20 100 33 20 78 ACG/gtaggt-- -ttgttctgettgcag/G 1 ctcat
21 106 36 21 260 TCA/gtgagt-- -otoettcttctgteg/C 11 mtcmc
22 142 47
22 2337 779 21 14153
Consensus sequence:
A s ttttttttttt t
CAG/|t|i|t occcocDocccncu/C
g t
ctssc
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junctions and the branch sites appear to follow the 
consensus sequences (76,77) (Appendix 1 and Table 2). It 
has been demonstrated that introns can be classified into 
three types by their position in the triplet codon: type 0
introns interrupt the reading phase between codons, type I 
introns interrupt codons between the first and second 
nucleotides and type II introns interrupt codons between 
the second and th i rd nuc1eot ides. All three types of
intron are found in this cloned gene. It is interesting to 
note that there is a C/T rich region followed by a sequence 
of TAG, a typical 3* splicing junction sequence (76) 
located 8 bp upstream of the ATG initiation codon. 
Furthermore, two putative branch sites (i.e., CTGAC and 
CTAAC) are found at positions -28 and -33, respectively. 
This result indicates that there may be an additional 
intron in the 5 ’ untranslated region of the rabbit PFK 
gene. However, since the 5' flanking elements such as the 
CAAT box, the TATA box and the cap site of this gene have 
not yet been identified, more sequence data are needed to 
verify this add itional intron. The ami no ac id sequence
derived f rom pfkl agrees with the amino ac id sequence of 
RM-PFK (13) except for four positions of discrepancy 
(Figures 10 and 14); an arginine instead of a serine at 
pos i t ion 268, a proline instead of a leuc ine at posit ion 
442, a serine instead of an isoleucine at position 558 and 
an additional arginine at position 565. The ACC triplet 
coding for threonine, the N-terminal residue of RM-PFK,
54
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Figure 14■ Position of introns along the amino acid 
sequence of rabbit muscle PFK. The amino acid sequences 
of Ec-PFK- 1, Bs-PFK and RM-PFK(N ) and RM-PFK(C) are aligned 
for maximum homology. Double headed arrows above the 
sequences indicate secondary structural elements found in 
Bs-PFK. Introns (solid triangles) in the N- and C-halves 
of RM-PFK are positioned between the respective amino acid 
residues. Underlined regions are corrected or newly- 
identified amino acid residues in all three PFK sequences.
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immediately follows the initiation codon ATG which is post- 
translational ly removed. The termination codon TAA 
immediately follows the C-terminal valine codon GTC.
Similar sequence features at the N- and C-termini were 
found from several cDNAs or genes for carbohydrate- 
metabolizing enzymes in vertebrates (31,46,70).
The 3 ’ port i on of exon XV and the 5 * port i on o f Exon 
XVI together code for an aa sequence of 30 residues (Figure 
14, residues 479-508) which was left as an unidentified gap 
in the reported primary structure for RM-PFK (13). 
Therefore, the DNA sequence data presented has completed 
the entire amino acid sequence of RM-PFK. The revised 
sequence for RM-PFK has 779 amino acid residues and a 
calculated molecular weight of 84,975 daltons (Table 3),
The restriction map of the cloned rabbit pfkl gene 
shows that there are 18 PvuI I sites and 15 Ps11 sites but 
only two EcoRI sites and two HindIII sites between the two 
flanking EcoRI linkers. This restriction pattern reflects 
the high G+C content in this gene (Table 4 and 5). The 
G+C rich feature of this gene is even more evident for its 
coding exons: 74% of the bases at the third position of the 
codons are either G or C (Table 4 and 5). This result is
consistent with the tissue-specific codon usage found in 
many mammlian genes (78,79).
Table 3. Amino acid compositions derived from the RM-PFK 
genomic sequences.
A. A. Number (N/C) NumX (N/C) wtx (N/C)
Ala 65 < 33/32) 8.3 8 . 2 /8 .5) 5.4 (5.4/5.5 >
Arg 54 (33/21> 6 . 9 8 .2/5.6 ) 9 . 9 (1 1 .8/7.9 >
Asn 30 (11/19) 3.9 2. 7/5.0) 4.0 (2.9/5.2)
Asp 39 (25/14) 5.0 6 .2/3.7) 5.3 (6 .6/3.9 )
CyB 1 5 0 /6 ) 1 . 9 2 .2/1 .6 ) 1 . 8 (2 .1/ 1 .5 )
Gin 24 (9/15) 3. 1 2.2/4.0) 3.6 (2.6/4.6 )
Glu 47 (23/24) 6 . 0 5.7/6.4) 7 . 1 (6 .8/7.5 )
Gly 82 (42/40 ) 10.5 10.4/10.6) 5 . 5 (5.5/5.5)
His 19 ( 12/7 > 2.4 3.0/1.9) 3. 1 (3.8/2.3)
lie 46 (21/25 ) 5.9 5.2/6.6 ) 6 . 1 (5.4/6.8 )
Leu 60 (34/26 > 7 . 7 8 . 5/6.9) 8.0 (8.8/7 . 1 )
Lys 38 (13/25) 4 . 9 3.2/6.6 > 5 . 7 (3.8/7.7)
Met 22 (11/ 1 1 ) 2 . 8 2 .7/2.9) 3.4 (3.3/3.5)
Phe 29 (11/18) 3 . 7 2 .7/4 . 8 > 5 . 0 (3.7/6.4)
Pro 24 (11/13) 3 . 1 2.7/3.4) 2 . 7 (2.4/3.0)
Ser 43 (25/18) 5.5 6 .2/4.8 ) 4 . 4 (5 . 0/3 . 8 )
Thr 56 (31/25 ) 7 . 2 7.7/6.6) 6 . 7 < 7 . 2/6.1)
Trp 10 (5/5) 1 . 3 1.2/1 . 3 ) 2 . 2 (2 .1/2 .2 )
Tyr 15 (6/9 > 1 .9 1.5/2.4) 2.9 (2 . 2/3 . 5)
Vai 6 1 (37/24) 7 . 8 9 . 2/6 . 4 ) 7 . 1 (8 . 4/5 . 7)
Total 779 (402/377 ) 100 . 0 100.0
Molecular weight = 84,975
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Table 4. Codon usage in exons of the RM-PFK gene
Ala GCT 13 Cya TGT 8 lie ATT 10 Phe TTT
GCA 8 TGC 7 ATA 2 TTC
GCG 9 ATC 34
GCC 35 Gin CAA 4 Pro CCT
CAG 20 Leu TTA 1 CCA
Asn AAT 8 TTG 5 CCG
AAC 22 Glu GAA
GAG
1 1
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CTT
CTA
2
2
CCC
Asp GAT 13 CTG 40 Ser TCT
GAC 26 Gly GGT
GGA
10
9
CTC 10 TCA
TCC
Arg CGT 7 GGG 19 Lys AAA 9 TCG
CGA 7 GGC 44 AAG 29 AGT
CGG 1 5 AGC
CGC 7 His CAT 5 Met ATG 22
AGA 6 CAC 1 4 Val GTT
AGG 12 Thr ACT 8 GTA
Ter TAA 1 ACA 7 GTG
Ty r TAT 1 TAG 0 ACG 9 GTC
TAC 14 TGA 0 ACC 32 Trp TGG
9
20
6
2
6
10
7
4
12
1
6
13
7
2
35
17
10
5 8
Table 5. G+C content of codons and percentage of codons 
with G or C in the third position for the RM-PFK gene.
G C
G + C 
content,%
Codons with 
G or C at the 3rd 
pos it i on ,X
RM-PFK(N ) 31 27 57 70
RM-PFK(C) 31 27 58 77
RM-PFK(N+C) 31 27 58 74
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G. Intron/exon organization of the rabbit pfkl gene
The DNA sequence data (Appendix 1) reveals that the 
rabbit pfkl gene has 22 exons interrupted by 21 introns.
The positions of the exons and introns were unambiguously 
addressed by comparing their DNA sequence with the reported 
amino acid sequence (13) and by localizing the restriction 
fragments along the restriction map (Figure 14) using 
hybridization technique. The positions of introns (solid 
triangles) along the amino acid sequence of RM-PFK is 
presented in Figure 14.. The high degree of sequence 
homology among Ec-PFK-1, Bs-PFK and the N- and C- halves of
RM-PFK is also illustrated in Figure 14. Assuming that
the secondary structural elements are also conserved among 
these enzymes (5,13), it becomes interesting to note that 
the majority of the introns are positioned between or near 
the ends of the secondary structural elements (Figures 14 
and 15). However, it is also noted that the coding 
sequences for a 1pha-helices 6 , 8 , 9, and 11 are interrupted
by introns as shown in Figures 14 and 15.
Based on the crystal structure of Bs-PFK, a 
hypothetical tertiary structure for RM-PFK was proposed by 
Poorman et al. (13) as shown in Figure 15. When the sites
of introns are overlaid along the amino acid sequence in
the N- and C-halves of RM-PFK and positioned on Poorman's 
hypothetical tertiary structure, two interesting 
organizational features are noticed: First, introns in the
6 0
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C-half of the gene are not located at positions analogous 
to those in the N-half (Figure 15a>. Second, the introns 
are on the surface of the structural elements (Figure 15b). 
Finally, when the bacterial PFKs and the two halves of RM- 
PFK are aligned for sequence homologies, there are four 
regions in the RM-PFK sequence which stand out as "extra” 
residues (Figure 14). All four of these regions are 
interrupted by introns. The significance of the 
organization of the rabbit pfkl gene will be discussed in 
the CONCLUSIONS AND DISCUSSION.
PART I  X  X
CLONING, SEQUENCING AND CHARACTERIZATION 
OF Ch4A/pfk2 GENOMIC CLONE
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ABSTRACT
An endonuclease cleavage map for the ACh4A/pfk2 
genomic clone was constructed. This map revealed that the 
pfk2 insert contains three internal EcoRl sites, one Kpn1 
site, 10 PstI sites and 11 PvulI sites. This restriction 
pattern roughly reflects the high G+C content in this 
cloned gene. A shotgun restriction library was 
constructed and screened by dot-blot analysis for M13 
recombinant clones containing pfk2 fragments. The 
orientation of the pfk2 clone was determined by Southern 
blot hybridization using two specific probes. These 
results, plus the DNA sequencing data, demonstrated that 
the pfk2 clone contains only part of RM-PFK gene in the 3' 
region including the entire 3 ’-flanking sequences.
INTRODUCTION
Based on the result from PART I, the 7iCh4A/pfk2 clone 
was amplified and purified in large quantity for further 
characterization in this PART. The establishment of a 
rather detailed restriction map is the first step in 
characterizing a DNA molecule. Therefore, a restriction 
map of the pfk2 clone was constructed by single or double 
restriction digestions. The following cloning and 
sequencing experiments are based on this restriction map.
There are four essential parts for a DNA cloning
6 3
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experiment: (a) fragmentation of DNA by restriction
endonuclease cleavage or by physical shearing; (b) joining 
of DNA fragments by DNA ligase; (c) introduction of the 
recombinant DNA molecule into a host cell by 
transformation; (d) screening of recombinant clones 
for the DNA of interest. The success of the latter 
three steps depends on the fragmentation of the DNA to be 
used in a cloning strategy. Two cloning strategies have 
been documented: (a) nonrandom or ordered and (b) random
cloning. Restriction enzyme cleavage and the Bal-31 
method (71,72) are two well known nonrandom methods, wh ile 
physical shearing is a random method. Unfortunately, both 
strategies have some disadvatages. For example, two 
major disadvantages are found when using the restriction 
digestion method: (a) some regions of DNA sequence have
very few restriction sites and would be underrepresented in 
the resulting clone banks; (b) it may produce small 
fragments that result in very little information during DNA 
sequencing. Large amounts of DNA must be purified from 
the gel after Ba1-31 treatment. On the other hand,
redundant fragments or multiple inserts in a single vector 
may-result from physical shearing. To avoid these 
disadvantages, we modified the restriction digestion method 
by using a number of different restriction enzymes to 
construct a shotgun restriction library.
Using this shotgun restriction approach, this PART
6 5
presents the cloning, sequencing and characterization of 
the ACh4A/pfk2 genomic clone.
MATERIALS AND METHODS
A. MATERIALS
Bacterial strains, media, chemicals, enzymes, and 
radioactive materials are as described in the MATERIALS AND 
METHODS OF PART II unless otherwise specified.
B . Methods
(a). Preparation of bacteriophage ACh4A/pfk2 DNA and 
restriction analysis
Large scale preparation of the XCh4A/pfk2 DNA was 
performed as described by Maniatis e_t al . (45) and
discussed in PART II. The purified Ch4A/pfk2 DNA were
digested with several restriction enzymes singly or in 
combination. The digests were analyzed by gel 
electro phoresis foil owed by nitrocellulose blot 
hybridization using nick-translated pBR322/PFKcDNA and 8 
end-labeled synthetic oligonucleotides corresponding to 
different regions of RM-PFK (Figure 10 and Appendix 2) as 
probes.
(b). Construction of a shotgun restriction library
Based on the restriction map determined by the above
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method, the XCh4A/pfk2 DNA was digested with several 
selected restriction enzymes (including BamH I , EcoR I .
HindiII. Kpnl , PstI . and SstI ? singly or in combination and 
subcloned randomly into their compatible sites found in the 
polylinker region of M13mpl8 and mpl9 vectors. These 
cloned DNAs were used to transform the coli host strain 
JM107 using Hanahan’s procedure (42) (See Appendix 5).
White recombinant plaques were picked up for 2 ml miniprep 
stock (48) and for further screening and characterization.
(c) Making of pfk2 fragment-specific probes
The original restriction map revealed three internal 
EcoR I sites in the pfk2 insert. Therefore, pfk2 was 
composed of four EcoRI fragments, El.Ok, E2 . 3k, E4.5k, and 
E8 .Ok named according to their fragment size in kb. To 
obtai n puri f ied fragments , 7i_Ch4 A/pfk2 was digested with 
EcoR I , separated on 0.8% agarose gel, and individual bands 
were electroeluted. To probe dot-biot filters, pure EcoRI 
fragments were nick-trans1ated in the presence of lalpha- 
PJdATP.
(d). Screening for M13 recombinants by dot-blot analysis
Five replicate dot-blot filters were made using the 
same procedures (45,48) as described in PART II. One of 
each replicate was probed with one of the 5 nick-1rans1 ated 
probes: El.Ok, E 2 .3k, E4.5k, E8.0k, and pBR322/PFKcDNA.
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(e). Determining the orientation of ACh4A/pfk2 clone
In order to determine the orientation of the pfk2 
clone, 7v,Ch4A/pfk2 DNA was first digested with several 
restriction enzymes singly or in combination. The 
restriction digests were agarose gel electrophoresed, 
Southern blotted in duplicate on NCF and hybridized with 
two synthetic oligo probes < PFK6 and PFK7, see Figure 10 
and Appendix 2). In a second approach, 7 positive 
clones (clones #65, #235, #252, #267, #294, #295, and #299)
which hybridized with both pBR322/PFKcDNA and E 4 .5K probes 
were restriction digested with selected endonucleases, run 
on a 0.8% agarose gel, Southern transfered in duplicate, 
hybridized separately with two different nick-trans1ated 
probes, i.e., pBR322/PFKcDNA and lambda phage DNA, 
respectively.
(f). DNA sequencing
In order to further verify the orientation of the pfk2 
clone, template DNA were prepared from all the 7 positive 
clones (as described above) for sequence analysis. DNA 
sequencing was carried out by the chain terminator dideoxy 
method (51) using buffer gradient and S label (30) as 
described in PART II.
RESULTS
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A. Restriction analysis
*-Ch4A/pfk2 DNA was purified in large quantity and 
subjected to restriction analysis. The endonuclease 
cleavage pattern and map are shown in Figures 16 and 17. 
respectively. The results show that the pfk2 clone has 
three internal EcoRI sites, one K p n 1 site, and 10 Ps11 
sites and 11 PvulI sites.
B. Construction and screening of the shotgun restriction 
1 i brary
Based on the preliminary endonuclease map, a shotgun 
restriction library was constructed in M13mpl8 and mpl9 
vectors using several restriction enzymes as described in 
MATERIALS AND METHODS. A total of 315 clones from this 
library were screened using dot blot hybridization 
technique. The probes used in this experiment were nick- 
translated pBR322/PFKcDNA and the four EcoRI fragments of 
the pfk2 insert. The dot blot hybridization pattern is 
shown in Figure 18.
C. Determination of the orientation of ^-Ch4A/pfk2 clone
As shown in Figure 16 BA.C, the autoradiograms are 
identical except for 3 positions (i.e., lanes 7, 8 and 9).
All three positions are involved in PstI digestion. The
Figure 16. Restriction digestion and Southern blot 
hybridization patterns of XCh4A/pfk2. A: EtBr stained 
0.8% agarose gel. Lane 1: DNA cut by HindiII. Lane 17 
DNA cut by EcoRI + Hindi 11. Lanes 2-16: Ch4A/pfk2 DNA
cut by 2: EcoR I : 3: EcoRI + Sstl; 4: Satl ; 5: Hindi II + 
SstI : 6: HindiII: 7: PstI + Sstl; 8: Pstl : 9: HindiII + 
PstI; 10: BaaHl + Sstl; 11: BaaH I ; 12: Kpnl +SstI; 13:
Kpnl : 14: PvulI; 15: BaaHI + Hindi II: 16: Kpnl + EcoR I .
Panel B and C are two duplicate Southern blots aade fro® 
Panel A and probed with end-labeled PFK6 and PFK7 
oligonucleotides (See Figure 10 A Appendix 2).
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Figure 17. The restriction map of pfk2 clone. Restriction 
sites are E~EcoRI, P = Ps t 1 , B-BamH I , V = Pvu11, H=HindIII. 
S=SstI, K=KpnI . X=XbaI . This map reveals that pfk2 insert 
contains 3 internal EcoRI sites, one KpnI site, and 10 Ps11 
sites and 11 PvulI sites. The four EcoRI fragments are: 
El.OK, E2.3K, E4.5K, and E8.0K, respectively, according to 
their size in kb.
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Figure 18. Screening of shotgun restriction library by dot 
blot hybridization. XCh4A/pfk2 was digested with EcoRI 
and PstI either singly or in combination. The digests were 
subcloned into the PstI or EcoRI/PstI sites of Ml3mpl 8 and 
mpl9 vectors. Probes used were nick-translated 
pBR322/PFKcDNA (Panel A) and E 4 .5K fragment (Panel B).
Some important clones are shown with their corresponding 
clone number on top of the hybridization signal.
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oligo probe PFK6 hybridized with a 3.O-kb band while the 
PFK7 hybridized with a 0.7-kb band. These results 
indicate that there is a Ps11 site between PFK6 and PFK7 
sequences. However, this result provided no definitive 
evidence on the orientation of pfk2 clone. Therefore, we 
performed a second approach as decribed in MATERIALS AND 
METHODS.
The replicate dot blot hybridization used to screen 
the M13 shotgun restriction library with radio-labeled 
pBR322/PFKcDNA or E 4 .5K is presented in Figure 18. Clones 
which hybridized with both probes (clones #65, #235, #252,
#267, #294, #295, and #299) were further characterized.
Of the 7 positive clones, only the result from clones #65, 
#235 and #252 is shown in the Figure 19. This figure and 
Figure 21 together with the sequencing data (Figure 2 0) 
clearly indicate that the pfk2 clone contains only part of 
RM-PFK gene sequence: 4 exons, 3 introns and the entire 3'-
flanking region.
D. DNA sequence analysis
Figures 19 and 21 as well as the sequence data (Figure 
2 0 ) demonstrate three sets of clones are related:
(a). Clones #65 and #267 contain the same EcoRI/Ps11 
fragmaent of pfk2 but in opposite orientation.
(b). Like (a), clones #235 and #252 contain an identical 
insert with opposite orientation. In addition, they are
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composed of two EcoRI/PstI fragments, one is identical to 
clones #65 and #267 while the other one from the left arm 
of lambda phage vector.
(c). Clones #294 and #295 are identical. They contain the 
same insert as clone #299 doeB but in different 
orientation. In addition to containing an EcoRI/PstI 
fragment identical to clones #65 and #267, these three 
clones also consist of the entire 3*-flanking sequence of 
the RM-pfk gene,
These data together with the sequence data indicate 
that the EcoRI/PstI fragment from the pfk2 clone codes for 
100 aa residues corresponding to positions 627-726 of RM- 
PFK (Figure 21, as shown in solid arrow). Therefore, pfk2 
is oriented so that aa residue 627 is located at the left 
end (or the 5 ’-end) of the pfk2 insert while amino acid 
residue 726 is located at the Ps11 site 1 kb from the EcoRI 
linker site (Figure 21). In addition, clones #294, #295 
and #299 were found to contain the entire 3 r-flanking 
region of the rabbit muscle PFK gene. These results 
clearly shows that the pfk2 clone contains only a partial 
DNA sequence of RM-PFK gene. Therefore, pfkl and pfk2 are 
two overlapping clones (Figure 22) which together encode 
the RM-PFK gene.
Figure 19, Determining the orientation of pfk2 insert.
Panel A: Restriction digestion pattern after EtBr-staining
for clones #65, #235 and #252 which were screened from dot
blot hybridization as shown in Figure 7. Panel B:
17
Southern blot of agarose gel probed with P-labeled 
pBR322/PFKcDNA. Panel C: Southern blot of agarose gel 
probed with ^P-labeled lambda DNA.
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; >pfhZ clones *65, *67, 296, 295 * 299
----------------- * c o c  I c a o t M o u /
1 inker
■
627
Ann Ciu Lya Cya Aan Giu Aan Tyr Thr Thr Aap Phe lie Phe Aan
64 2
Leu
G AAC □AG AAG TGC AAT GAG AAT TAC ACC ACG CAC TTC ATC TTC AAC CTG
643
T> r se r Glu Glu Gly Lya Gly I la Phe Aap 8»r Arf Lye Aan V*1 Leu
659
Gly
TAC TCT GAG GAG GGG AAG GGC ATC TTC OAC AOC AOG AAG AAC OTO CTT OGC
660 663 
His Net Gin Gin 
CAC ATG CAC CAC
/gtatgcgctgcgL-lcgatggccacgccagcagcctgcaaggccg toccggotgcsaciactgggcBg 
Mt|tc|tl||ci((t(>rcti(t(cttc|tl*cttBoccc(it(tcact|M|okDt(i tganstcag 
gaga tegteleagatgaggacggggcttagagagaagtagttcagtgtcaggcteteoactctateg
cgneetctgrtenggagatcttcagagcatatgBgctccaacgt----- < 500 bp > gaca
ggac tgagactc Legctctcgcagaagacg tetgegtugaacatcatgactctacaggaugaete la 
• tctticLgccac tattcctctgoLgtgtatocntgagtctotgocatonctgoacotgtgtaattc 
ttttcag/
666 6B0
Gly Gly Srr pro Thr Pro Phe Aap Arg Aen Phe Ala Thr Lys Net Gly Ala
GGC GGG AGG CCC ACT CCC TTT OAC AGG AAC TTT GCT ACT AAG ATC GGA GCC
661 696
Lye Ala Net Ann Trp Net Ala Gly Lys lie Lys Glu Ser Tyr Arg Aen C
AAG GCC ATG AAC TGC ATG GCT GGG AAG ATC AAA GAG AGT TAC CGC AAC C
/gtagg tagggtgggagtgcgtgcaotgtgcagsggctgggtocecggtgeggoagetoatggg11g 
ttctgattgcag/
697 713
ly Arg lie Phe Ala Ann Thr Pro Aap Ser Gly Cya Val Leu Gly Net Arg
GG CGG ATC TTC GCC AAC ACC CCT OAC TCC GGC TCT GTT CTG GGA ATG CGT
716 pfkZ clones 665 1 #267 (-----| 730
lyfl Arg Ala l.ru Val Phe Gin Pro Val Thr Glu Leu Gin Aan Gin Thr Aap
AAC AGG GCT CTG GTC TTC CAA CCA GTG ACT GAG CTG CAG AAT CAG ACG CAC
731 732 PstI
Phe Cl 
TTT CA
('gtgeg t gear tgc tg to trrag tg ler-arater. 1 g traggcaegg tgctg tcotccacctggtcca 
elglrlteagtgcet 11111 tagaagcagtgc tgtcacac11sgcat t tggatgtgatgccagggcc 
c tgiageecc-agr ite ttcccataagcLgctgg tagaago tgagaaa t ttta toacca to tcoc tea 
Pntl
ttrtte tgtag/
u
733 
II i a Art 1 le Pro Lya Glu Gin Trp Trp Leu Lya Leu A m Pro tie
T4B
Leu
C CAC CGA ATC CCC AAG GAA CAG TGG TGC CTG AAG CTG COG CCC ATC CTC
7 49 
Ly A 1 le Leu A la Lya Tyr Glu 1 le Aap Leu Aap Thr Ser Glu Hfa Ala
765
H U
AAA ATC CTA GCC AAG TAC GAG ATT GAC TTG GAC ACC TCC GAG CAC OCG CAT
766
Li* LI
CTG
Glu
GAG
II 1 H
CAC
1 le 
ATC
Spr
TCC
Ary
CGA
Lya
AAA
Ar*
CGG
Se r 
TCT
Gly
CGG
GJu
GAA
Ala
GCC
Thr
ACC
779
Val
GTC
■ It
TAA
gcct cggagngagggacaggctgtc tgatcacalcaaBgatgcncgocgtgtccatgtcgtagcLet 
ttagteattagggtccotgtacttgtgoacccaaggccgtgaccagctctggocgggaacogggagc
atgeagtBggtggaagctcctgtagtagactoggtcatgaccngcaccccagcctggtctgttaoBo
A n d
agccagggtcctgLagtgctcRtgrtgHnccacacaggtaganctnrcttt anargngrtttat. tin 
11 le 11 I it I g I I nocaagng Ig teg go t to leurnnlrrlgrl iteag Ignegnr le t gar! iieaenn 
ilpal Pntl
taBcgcactgcatgcstctgctcLgctglgctctctgclgcagaclacgageagetlggegtceg La 
ctctIccLagggcaaaggcctt tgcaccttaagcggcctccccgtcc ttttcctgcagccct tgg re
Pat I
cttttcggccc teeecggeccettttaaaaggggtttggggggggItt tccccaat tc1rcccitli 
ccggg t Ltaaatggggcccgccctttccct taaaaaaccccctaaaat tgecetggggggccggggg
caaattaaaat tttaacaagpcaacccccc-----------------< 8 50 bp >----------  - - - -
I > Poly(A 1 site
tatgcatgacatagc tacagc tgc tagccagtcactctac tctgctectgctat tgcaealeagnge 
atgtat!□tcaa*taettggteetgeactlacytggaacctggattgagttctaggclect*cIten 
gcctggcttgactctggctattaaacacgtttgtggagtttgaaccagtaaatggaagntclct< le 
tgcct ttcaaataacatgaaaataaataaataataaataaatat 111taaaaatagee tttgctgl.g 
gagettgggtcttsagtattttsagaacttccctgagtggItcctgtooatageeacccaecaaagc 
agtagatctcactoetggatcc
Kpnl (cloning site)
*2 9 4, 296 6 299 <---1
Figure 20. Nucleotide sequence from pfk2 clone.
This DNA sequence contains 4 exons, 3 introns, and the 
entire 3 ’-flanking region of the RM-PFK gene.
Polyadenylation signal is underlined.
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Figure 21 . Orientation verification of the pfk2 clone by 
sequence analysis. pfk2 insert was shown in bold, thick 
line. Lambda vector (only left arm shown) was shown in 
thin line. Arrows point to the 3* direction of each 
clone. Solid arrows shows the matched aa position (627 & 
726) of the RM-PFK confirmed by the sequence data from 
clones #65, #235, #267, #252, #294, #295, and #299.
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Figure 22. Relationship between pfkl and pfk2 clones, 
pfk1 clone encodes the entire RM-PFK gene except for the 
5'- and 3 ’-flanking regions while pfk2 contains only the 
sequences of the gene including po1yadeny1 ation site.
PART I  V
SEQUENCING OF A PARTIAL cDNA FOR 
RABBIT MUSCLE PHOSPHOFRUCTOKINASE
78
ABSTRACT
A partial cDNA for rabbit muscle phosphofruetokinase 
(RM-PFK) was sequenced. The nucleotide sequence of the 
cDNA agrees with the determined RM-pfk genomic sequence as 
presented in this dissertation. Furthermore, the deduced 
amino acid sequence from the cDNA is identical to the RM- 
PFK sequence previously reported by Poorman et a l . (Nature 
309:467-469).
INTRODUCTION
The enzymatic conversion of poly(A) mRNA to double- 
stranded complementary DNA (cDNA) and the insertion of this 
cDNA into bacterial plasmids have provided a powerful tool 
for eukaryotic molecular biology. The study of the 
structure, organization and expression of eukaryotic genes 
relies on the availability of cDNA copies of mRNAs. cDNA 
is important in current molecular biology for several 
reasons: (a) it can be used to define the initiation site,
the coding sequences, and the termination sequences of 
mRNAs; (b) it can be used as a hybridization probe for 
locating, isolating, identifying, and characterizing the 
corresponding genes from chromosomal DNA; (c) it can be 
used to study the strueture-function relationships of a 
protein by site-directed mutagenesis. Among the most 
significant scientific achievements brought about by the
7 9
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use of cDNA are (a) the isolation and characterization of 
functional genes from both prokaryotes and eukaryoteB, 
which led to the discovery of intervening sequences 
separating coding sequences of eukaryotic genes (83-85);
(b) the discovery of splicing in eukaryotic genes(8 6 ); (c)
the demonstration that the genome organization in 
eukaryotic cells is not static but rather that genomic 
rearrangements occur frequently, as, for example, in the 
case of immunoglobulin genes (82), Moreover, cDNA
cloning in some RNA viruses has made great advances in 
understanding the gene structure, function and expression 
of these viruses (87).
A cDNA library was prepared from rabbit muscle 
po 1 yadeny 1 ated RNA by French e_t a 1 . (15) using the method
of Okayama and Berg (8 8 ), A cDNA probe for RM-PFK was 
obtained from Scott Putney as described in PART I and used 
to isolate a positive clone from the cDNA library by colony 
hybridization (15). Through the restriction analysis and 
Southern hybridization, French et. a l . noted that the entire 
cDNA insert could be directiona11y excised from the 
Okayama-Berg vector by the restriction endonucleases 
Hindl11 and PvulI. They subcloned this cDNA insert into 
the H i ndIII and SmaI sites of the M13 mpl9 vector. I
obtained this M13 clone containing the cDNA insert from 
French. This PART describes the sequencing of this
cDNA c1 one.
8 1
MATERIALS AND METHODS
A partial cDNA for RM-PFK, RM-PFKcDNA, cloned in the 
HindiII and Smal sites of the M13mpl9 vector was received 
from French (15). All chemicals, enzymes, and 
radioactive materials are the same as decribed in the 
MATERIALS AND METHODS of PART II unless otherwise 
specified. Two ml minipreps were prepared from this phage 
clone as decribed previously. Template DNA was prepared
as described in Appendix 7. Several synthetic 
oligonucleotides including PFK6 , PFK7 and M13-17-mer were 
used as sequencing primers. DNA sequencing was carried out 
as described in the MATERIALS AND METHODS of PART II.
RESULTS
A sequenc i ng s t rategy for this cDNA c 1one i s shown i n 
Figure 23. The nt sequence and its deduced ami no ac id 
sequence are presented in Figure 24. Sequence analysis of 
this cDNA clone revealed that it contained one-quarter of 
the RM-PFK coding sequence and the 3 *-untrans1ated region 
of RM-PFK mRNA. This cDNA had a 5 ’-end corresponding to 
amino acid residue 597 of RM-PFK. The 549 bp coding 
sequence for RM-PFK contained in the cDNA clone predicts an 
amino acid sequence which is identical to the corresponding 
portion of the RM-PFK sequence reported by Poorman ejt al . 
(13). In addition, the nt sequence of the cDNA agrees
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with the RM-PFK genomic sequence as presented in this 
dissertation. A polyadenylation signal of ATTAAA is 
located 608 bp downstream of the termination codon TAA and 
22 bp upstream of the poly-A tail in the RM-PFKcDNA clone. 
These results demonstrate that this cDNA clone contains a 
partial cDNA sequence for RM-PFK.
The nt sequence of RM-PFKcDNA is important for several 
reasons: (a) it substantiates one-quarter of the RM-PFK
amino acid sequence determined by Poorman et a l . (13)
confirming the homologies observed between RM-PFK and the 
two prokaryotic PFKs; and (b) this cDNA sequence and the 
genomic sequence of the RM-PFK will aid the construction of 
a full-length RM-PFK cDNA for the investigation of 
structure-function relationships of this enzyme.
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Figure 23. Sequencing strategy and computer-generated 
restriction map of the partial cDNA for the RM-PFK.
Arrows on top of the restriction map indicate the direction 
of transcription. Arrows on the bottom point to the 3 ’ 
direction of sequencing.
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CTIXX^ACXXXXXXXXXXXXXiAflCXXnTGACCATCCtMGACCnXXWXXXiAA'nTrrGAACACCTCXTrG 
PBtl GluProFheThrlleArsAspLeuGInAlaAsnValGlulliaLeuVal
597
CAAAAGATGVGACXWTimGAAGAGAOaCTratmXTnWBAADtWlMtnaCAATGAGAATTAC
GlnLyBMetLyB'TCir'nirValIjyHArgGlyljeuVall<euArtfAsnGluLysCyBAsnGluAsnTyr
AOCACOGACTTTlATCTTCAACCTCTACTITTnjAGtWlQQMAOOQCATCTTOGACAGCAOGAAfWAC 
*nirrnirAspHieI lePheAsnLeuTyrSerGluGl uGlyLysGlyI lefteAapSerArgLyHABn
GTQCTITQOOCACATQCAGCAGGQOGGGftGCXXXIALriXJLX7iTlUACAGGAACTTrGCTAC7rAAGATG 
Va 1 LeuG 1 yHi aMe tG 1 nGlnG 1 yG 1 ySerPro,nirProF4ieABjArgABnRieAla’nirLiyBMe t
QGAGOCAAGGCX^ATGAACTQGATCXXTrGGGAAGATGAAGGAGAfTrrAOOGTAAOGGGCXXjATCnTC 
G1 yAlaLyaAlaMetAsnTTpMetAlaGlyL.yBl leLyBGluSerTyrArgAsnGlyArgl leRie
GcxjAAGAocxxrixwntxxxxTimxrmTixxx^Tatxn'AAGAacxxTivramvnccAADGAtTrG
AlaAsnThrRroAspSerGlyCyBValLieuGlyMetAz*gLysArsAlaL£uV&mieGlnProVal
ACTirWXTTGCAGAATCAGACGGAC7ITTGAGCACOGAATOOCX^AAGGAACAGTQ(7rGQCTG^AGCTrG 
TtvrGluLeuGlnAsnGln'nirAspRieGluHisArgl leProLyBGluGlnTrpTrpLeuLyHLeu
CXXXXXJATCXTTCAAAATCXTFAGOCAAGrACtWJATnxACTTQGACAOCTrcGGACJCACQOQCATCTG 
ArgProI leLeuLysI leLeuAlaLyBTyrGluI leAspGeuAspThrSerGluHisAlaHisLeu
GAQCACATC7ITXXXlAAAA!CXXnt7IT3GQGAAGOCAD(XrrC7rAAGCt7rOQGA£XX»AQOGAGADQC7rcrr 
GlullisI leSerArgltysArgSerGlyGluAla'nirVal***
779
CTa\TCACATCAAAGATOCA0aX!GraitXVVT[rKXrrAGCTrCTTrA£rrCATrAaaGT00CTT7rACT
TtjTOCACXX^AAOGOOtrPGAOCAGCTrcrrGQCXXKXiAACJOGGGAQCATGCAtTrAGCTrQGAAGCTIXXTrG
TAGTAGACTrCXXTTCATGAOCXXXIACXXXIAGOCTrGtjrCrrcnTACACAGOCACXXnTXTCrrACrPtXTrC
CTtXTItXlAOCACACAGGTAGAACTOOCTTTACACGOGCTrTATTTA'rritrrrKriiriTAACAAGAG
TCTTOGGCTTCTrCACACrrCXTrGCTrGCACTrGACXiACTrcrrGACTACACAATAADGCACTPGCATQGATCT
GCTITniXTItTrocrrtTrcrrtXXTrGCAtiACTACGAGCAGCTrPQQCXjPOOCrrACrrtTrrDCTAGGGCAAAG
CXXjnTQCAC3CTTAAOOaCXXTIXXXXX7!XX7ITIT[XTOCAOOOtTmXXXX7rnTOQOCXXXXXXJG
GGCXXXnTXrAAAAGGQGTITQGGGGGQCjITrTOCXXAATrCrrCXXXTrTrroOOaGTTTAAATGGG
QCXXXXXXmTOOCTTAAAAAAOOOCnTAAAATrGOOCTOGGGQOCOQQQQOCAAATrAAAA'mT
AACAAGOCAACOOOOCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
 > Poly (A) tail
AAAAACH'AOCTrTCrrGAGQOQGAAAGAAOCAGCTG
Pvul I
Figure 24. Nucleotide and deduced amino acid sequences 
the partial RM-PFK cDNA. The first C of the oligo(dG)- 
tailed Pat I site is defined as position 1,
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CONCL.US TONS AND DISCUSSION
A . Library Construction by Sonication and Restriction 
Digestion
Two factors are important in the production of a good 
subcione bank for DNA sequence analysis by the shotgun 
strategy. First, the DNA fragments and clones should be 
generated in a truly random fashion. Second, the size of
the insert fragments should be within the proper range of 
300-1000 nucleotides. Fragments shorter than 300 bp or 
larger than 1000 bp are not suitable for a large sequenc ing 
project: (a) a single dideoxy sequencing reaction will
produce data for over 300 nucleotides; (b) two or more 
small fragments may be cloned into the same M13 vector 
producing an artificial join in the DNA sequence and thus 
interfering with the sequence interpretation; (c) larger 
fragments will decrease the clone yield due to the 
instability of M13 clones carrying large insert (48).
In this study, the shotgun restriction subcloning 
approach was used to characterize the pfk2 clone in PART 
III for two reasons: (a) it could cover the whole gene
fragment, (b) fragments are easily located along the gene 
as shown in Figure 21. However, the subclone bank 
constructed by this shotgun restriction approach was not a 
random populat i on because of the limitati on of restrict ion 
sites. On the other hand, fragmentation of DNA by physical
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shearing, such as sonication, was considered to provide an 
alternate and simpler way of creating random DNA libraries. 
Therefore, the sonication method was employed to complement 
the restriction approach and performed in PART II for pfkl 
characterization. The advantages of using the sonication 
method are the following:
(a) it produces fragments with a good size distribution,
(b) fragments of specific sizes can be easily obtained 
through a simple size-fractionation step,
(c) it gives a reproducible size distribution which is 
fairly independent of DNA concentrations from 4 to 100 
ug/ml,
(d) it can be performed in a small volume of solution 
{250 ul > ,
(e) small amounts of DNA (4 ug/ml) are needed,
{f > it produces ends with predominant 5 *-phosphate and 3 ’-
hydroxyl groups which are good substrates for T4 DNA 
polymerase and T4 DNA ligase,
[g) data accumulate rapidly (up to 60 clones can be 
sequenced and data collected within a week).
T4 DNA polymerase was used to repair the sonicated DNA 
ends because it produces 4- to 10-fold higher yield than 
other repair enzymes such as the large fragment of DNA
polymerase I (Klenow) in general (41). Although, nuclease 
Ba1 31 can be used effectively to repair fragmented DNA 
ends for ligation, it has rapid, progressive 3 ’ and 5* 
double-stranded exonuclease activities making it difficult
8 8
to control on differing DNA Bamples.
The size-fractionation step is a very important factor 
in achieving high cloning efficiency and the generation of 
effective DNA sequence analysis. About 10 clones per ng of 
insert DNA were obtained in this study.
The subclone banks used in this study demonstrate that 
sonication will produce essentially random sequence 
libraries (Figure 8 and Table 1).
The random sequencing approach allows most of the DNA 
to be sequenced several times thus confirming the sequence 
in both strands. In addition, to eliminate the 
possibility of sequencing through multiple fragments that 
were religated together, it is necessary to determine the 
sequence several times. Religation events are located 
during the computer analysis. A careful calibration of the 
ratio (1:1) of vector DNA to insert DNA decreases the 
probability of such religation events.
B . Nuc1eotide Sequence of RM-PFK Gene and the Primary 
Structure of the Enzyme
By using both random and non-random subcloning 
approaches, we determined the entire DNA sequences of the 
RM-PFK gene except for the 5 ’-flanking sequences. In
addition, cDVA sequencing was used to double check portions 
of the genomic sequences as shown in PART IV. The RM-PFK 
gene is 17 kb long containing 22 exons and 21 introns. The
8 9
nt sequence of exons in this gene agrees with the amino 
acid sequence of RM-PFK (13) except for four positions of 
discrepancy (Figure 14). A 30-amino acid gap reported by 
Poorman et a l ■ (13) was completed by translation from the
DNA sequence. Residues 489-497, i. e. IQGLVIIGG, represent 
the most conserved region among all the three PFK sequences 
compared within the newly identified 30 amino acids (Figure 
14). These nine amino acid form the beta-D sheet (5) 
suggesting that the evolutionary constraints involve not 
only the conservation of the secondary structure but also 
the identities of the amino acid residues in this region. 
The DNA derived amino acid sequence shows that, two 
residues, Asp 18 and Gly 19 in the N-half which are 
critical for the binding of substrate ATP (5,13) are 
replaced by phenylalanine at position 498 and glutamic acid 
at position 499 in the C-half. Asp 18 and Gly 19 are both 
conserved in the two bac t erial PFK’s and the N-half of RM- 
PFK (Figure 14). Asp 18 interacts with magnesium ion.
Gly 19 hydrogen-bonds to the beta-phosphate and 1’-oxygen 
of ATP leaving no room for an amino acid side chain at this 
position (5). The divergence at these two positions in the 
C-half of RM-PFK from the other three PFK chains is in 
agreement with Poorman's suggestion (13) that the function 
of the C-half of RM-PFK is regulation rather than 
catalysis.
Rabbit muscle PFK is a tetramer of identical subunits
9 0
each of which is about twice the Bize of the Bs-PFK or Ec - 
PFK-1 subunit (5,6). Alignment of the amino acid sequence 
of RM-PFK with those of the bacterial PFKs shows that RM- 
PFK is clearly related to the bacterial enzymes. In 
addition, the N-half and C-half share substantial internal 
sequence homology (Figure 14). This homology suggests that 
mammalian PFK evolved from its prokaryotic ancestors by 
gene dupli cat i on and d i vergence (13). Th i s speculated 
pathway of PFK evolution is supported by the data presented 
in this dissertation.
Although the introns in the two protein-encoding 
halves of this gene are not located at analogous positions, 
similar organization of the functional domain-encoding 
exons has been demonstrated in the two halves of this gene 
(Figure 25 and Table 6 ). This suggests an important concept 
of molecular evolution, namely, the positions of introns 
might slide over evolutionary time. Thus they may not 
occupy analogous positions in duplicated components of a 
gene. However, selective pressure would keep the coding 
regions (exons) of functional domains intact. This intron 
sliding mechanism will be discussed in more detail later.
C . Intron/Exon Organization and Evolution of RM-PFK
The intron/exon organization of eukaryotic structural 
genes has been postulated to play a role in the evolution 
of gene products (60). The most influential hypothesis
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Table 6 . Assignment of ligand binding residues* in RM-PFK 
to their coding exons.
Table 6. Assignment of ligand binding residues in rabbit 
muscle PFK to their coding exons.
Exon 
No .
1
\
Z
e
■Xi
7
8 
9
10
11
12
13
14
15
16
17
18
19
20
21
22
Substra te 
ATP
1 S9 ,
2
3 Y41
4 C73 ,
D103
T 107
5
6 R 1 7 1
All, F41 
R 7 7 , T73
Residues at Binding Sites
G 104 , 
Till
F6P FBP Ac 1 1 vator 
ADP
- --- • - -----  -- -
D12
D 12 7 T 1 54
M 1 69 HI60 . 
R162
G185, G187
E222 R211, R241
H249 , 
R252
R243
S127
M319
R 2 1 , R25
G59
R162 , 
T 160
Ml 69
R243 E222 . 
H249 , 
0252
K266
Inhibitor 
ATP
R 2 1 , R25 
M59
R266
R319
K154, G 185, 
D1B7
K211, K241,
R215
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Figure 25. Exon/subdomain relationship between the two 
halves of the RM-PFK. Exons are shown as boxes drawn in 
approximate scale. Exons are designated by roman numerals 
in order from the N- to C-termini of the encoded protein. 
Solid boxes indicate exons encoding nucleotide binding 
sites; open boxes, exons encoding sugar binding residues; 
crosshatched boxes, exons encoding substrate ATP binding 
sites; hatched boxes, exons encoding residues without 
assigned functions.
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concerning the role of intron/exon mosaics in protein 
evolution is that proposed by Gilbert (65). He postulated 
two ways in which the gene mosaic could produce novel gene 
products: (a) exons may represent structural or functional
units and recombination within the intronic regions could 
rearrange these units into novel protein products; (b) 
point mutation at the intron/exon splice junctions could 
result in the deletion or addition of whole blocks of amino 
acid sequences, while variable splicing could allow 
production of both the original and new gene products 
simultaneously. Blake (58,59) pointed out in relation to 
Gilbert's hypothesis that the positions of exons will 
punctuate functional regions within proteins encoded by 
split genes. Using a diagonal plot, a two-dimensional 
representation of interresidue distances in a molecule, Go 
(67) further demonstrated a correlation of DNA exonic 
regions with protein structural units. Taken together 
these data provide a powerful impetus to the idea that gene 
structure and protein structure are intimately linked.
Based on the potential evolutionary advantages of a mosaic 
gene structure, it has been suggested that despite its 
absence in prokaryotic genes (due to selective pressure 
associated with rapid DNA replication), the exon/intron 
mosaic is likely to have been a feature of early gene 
structures (56,63,80). If this hypothesis is general, 
then we should see a similar intron/exon structure in
9 4
duplicated genes. Examples fitting thiB prediction were 
found in the globin gene family (67,69,84-86), the 
ovalbumin gene (60,83), the immunoglobulin genes (68,82), 
the genes for mouse alpha-fetoprotein and serum albumin 
(54), and the chorion genes in silk moths (95). However, 
as shown in Figure 14 and 15, introns in the two protein- 
encoding halves of the RM-PFK gene are not located at 
analogous positions. This finding suggests that identical 
intron positions may not be an obligatory pattern in a 
duplicated gene.
Why are the introns of the two duplicated halves of 
the RM-PFK gene not located at analogous positions? The 
occurence of mutations at the splice junction Bites during 
the course of evolution is one an explanation. Craik et 
a 1 . (61) noted that splice junctions often coincide with
variable length loops in the protein structures, and 
proposed that sliding of splice junctions could be a 
mechanism for generating chain length polymorphism in 
proteins, Gilbert (6 6 ) proposed that many mutational 
events, such as gene deletion or recombination, could lead 
to an unmatched organizational pattern as shown in Figure
14. Precise loss of intron could result from exact 
deletion or recombination with a DNA copy of a spliced gene 
transcript. Mutations which block splice junctions and 
mask cryptic splice sites could also cause introns to 
migrate. The migration and change of intron position 
could result in gaining "extra" coding sequences which
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would code for "extra" amino acid residues in the final 
protein. As shown in Figure 14, there are four regions in 
the RM-PFK sequence which stand out as "extra" residues 
(italicized) when the two halves of RM-PFK are aligned with 
the bacterial PFK sequences for maximum homology. All 
these four regions are interrupted by intron. It seems 
likely that these "extra" amino acid residues were inserted 
by the splice junction sliding mechanism (61,66). Our 
result supports the hypothesis that introns existed in an 
ancestral gene before duplication and their placement was 
subsequently changed by deletion, recombination and splice 
junction sliding. Although the possibility that introns 
were added (57) independently to the two halves of a 
duplicated primordial PFK gene can not be ruled out, the 
demonstration of the gene mosaic feature in eukaryotes (60) 
and in a few prokaryotes (101,102) and of RNA se1f-splicing 
events (98) may make the possibility less acceptable.
There have been several suggested explanations for the 
presence of noncoding, intervening sequences in many 
eukaryotic structural genes. They may be examples of 
"selfish DNA” (57,96) protecting small phenotypic 
advantages, or they may have some importance in gene 
expression and/or evolution (62,65). There is some good 
evidence to support the latter suggestion as in the case of 
immunoglobulin (6 8 ) and haemoglobin (69) genes. It is 
possible that the location of the splice junction in the
96
gene at the surface of the protein confers a biological 
advantage and hence is a result of natural selection. 
Introns and their associated splicing systems could be 
exploited in many ways during the evolution of a protein.
We now realize that introns do not always mark large 
domains of protein structure, but often mark subdomains or 
small segments of protein structure with some special
function. Our findings (Figure 14 k 15) are in accord with
these speculations on the function, limitation and 
placement of introns, but set a requirement for their 
location with respect to protein structure. If the surface 
location rule for intron/exon junctions is general, then 
the location of splice points in genomic DNA sequences also 
provides useful tertiary structural information about the 
gene product. Certain regions of the primary sequence can 
be reliably predicted to reside at the surface.
Th erefore, these data might be useful in predicting aspects 
of tertiary structure as well as providing a strategy for 
the design of new proteins.
Based on the crystallographic structure of Bs-PFK and
sequence similarities between RM-PFK and Bs-PFK, Poorman 
and his co-workers (13) computerized a model for the 
tertiary and quaternary structures of RM-PFK (Figure 15b). 
In this model, the binding sites for substrates and various 
effectors are located at the interfaces of the subunits and 
between the N- and C-halves of each subunit. The 
assignment of the binding sites for substrate and effectors
9 7
in thiB model is based on the sequence homologies between 
Bs-PFK and RM-PFK and between the N- and C-halves of the 
latter (Table 6 ). These sites can be grouped into 
subdomains according to their functions. Our exon map of 
RM-PFK gene shows that each of these subdomains is enclosed 
within an exon and the organization of N-half exons is 
roughly duplicated in the C-half of the gene (Figure 25). 
The verification of this exon/subdomain relationship can be 
performed by constructing a full-length RM-PFK cDNA, 
expressing it in bacterial cells and performing site- 
directed mutagenesis at the residues important for ligand 
binding and subunit association.
The intron/exon organization of this gene fits the 
hypothesis that introns divide genes into exons which 
define the structural or functional domains in the final 
proteins (58,66,67). This pattern of gene organization is 
particularly evident in genes encoding carbohydrate- 
metabolizing enzymes including phosphofruetokinase (this 
dissertation), glyceraldehyde-3-phosphate dehydrogenase 
(81), phosphog1ycerate kinase (31), pyruvate kinase (70), 
triose phosphate isomerase (6 6 ), and alcohol dehydrogenase 
(104 ) ,
D . Tiesue-Spec i f ic Codon Usage in RM-PFK Gene
The triplet genetic code is the mechanism that nature 
has evolved for storing protein coding information in DNA.
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Choices among synonymous codons do not affect the nature of 
the protein produced but they may relate to the expression 
of a gene. Indeed, the effective translation of mRNA may 
be controlled by degenerate base use in the mRNA. This 
feature of degeneracy is very important since choices among 
third bases have often been considered "neutral", that is, 
of no influence on fitness of the phenotype. mRNA 
translatabi1 ity may turn out to be an adaptive phenomenon. 
In addition, during evolution, many parameters may have 
played a role at different levels of the gene expression 
and organization (replication, transcription, maturation, 
translation, stability, packaging and so on); they may all 
have imposed different constraints on the selection of a 
given sequence in DNA or RNA. Based on this principle, a 
feature of tissue-specific codon usage has been 
demonstrated (78). By analyzing the cDNAs encoding human 
liver and rabbit muscle glycogen phosphory1ase, Newgard and 
his coworkers have shown that the two cDNAs exhibit a 
remarkable divergence in G + C content (78). They found 
that in the muscle phosphorylase sequence, 86% of the 
nucleotides at the third codon position are either G or C, 
while in the liver homolog the figure is only 60%, 
resulting in a strikingly different pattern of codon usage 
throughout most of the seqence. A further survey of other 
published mammalian cDNA sequences, including 24 liver and 
13 muscle proteins from human, rat and rabbit sources, 
verified this discovery of t issue-speci fic codon usage in
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mammalian tissues. Our results show that the RM-PFK gene 
has 74% of the nucleotides at the third codon position as G 
or C (Table 5). This result supports Newgard's finding 
that tissue-dependent factors influence codon usage and 
nucleotide composition in liver and muscle coding 
sequences, specifically by increasing or decreasing the 
frequency of G or C at third codon positions. Furthermore, 
the result and the fact that the RM-PFK partial cDNA 
sequences which match exactly the 3'-region of the rabbit 
PFK genomic DNA sequence as presented in this dissertation, 
verifies that the cloned gene presented in this 
dissertation is indeed the rabbit muscle PFK gene rather 
than a gene for the liver or brain PFK isozymes.
The reasons for the development of tissue-specific 
patterns of G + C content are not known. However, several 
speculations have been made:
(a). It reflects the evolutionary adaptation of organisms 
or specific tissues to the constraints of their environment 
(93-94). For example, French and Chang (12) have 
determined the complete nt sequence for Bs-pfk and found a 
high G+C content in this thermophilic bacterium. Their 
finding supports the idea that higher G+C contents help 
stabilize nucleic acid interactions in thermophilic 
organisms (94). It has been proposed that skeletal 
muscle, which undergoes a fall in pH (from 6.93 to 6.4)
(92) and a rise in temperature during exercise (from 35*0
100
to 39°C) (89), represents a similarly stressful environment
that selectively maintains high G+C content in expressed 
genes (78).
(b). It may play a role in regulating tissue-specific 
expression at the transcriptional or translational level 
(97,99,100). For example, it has been demonstrated that
the G+C bias can extend into 5 ’ and 3 ’ flanking regions of 
genes (97). Since these regions are responsible to 
control gene expression, divergence in G+C content may 
result in the generation of consensus sequences that are 
recognized in a tissue-specific manner by the proteins 
involved in expression.
From a practical point of view, this tissue-specific 
expression pattern can be used to measure the evolutionary 
"distance" between tissues and specific genes within 
t i ssues (10 3).
SUMMARY
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SUMMARY
By using recombinant DNA technology, this dissertation 
presents an almost complete system for studying the
structure, function, genetics, and even evolution of the
rabbit muscle PFK. The major components in this system
consist of the following elements:
(a), construction of specific DNA probes
(b). screening of genomic library by plaque hybridization
(c). DNA preparation from a positive clone 
<d). Southern blot analysis
(e). construction of a comprehensive shotgun library
(f), M13 dot-blot analysis
(g). characterization of cDNA clone
(h). efficient DNA sequencing strategy
(i). computer analysis
The results presented in this dissertation on the DNA 
sequence and genomic organization of RM-PFK have 
contributed to the completion of the primary structure of 
this enzyme. In addition, this study also demonstrates
the duplicated nature of the RM-PFK gene and furthermore, 
introduces a new concept on the role of introns in 
molecular evolution.
The results presented in this dissertation suggest 
that RM-PFK is a good model for studying the eukaryoric 
PFKs in general. Moreover, several reports have shown 
that abnormal patterns of PFK isozymes are associated with
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carcinonas and other neoplastic transformations (4,90). The 
mechanisms of control must await the elucidation of 
the DNA sequence of the genes encoding each of these 
isozymes. Cloning and characterization of these PFK 
isozyme genes could be considered one of the long term 
goals. The exonic fragments of RM-PFK gene are invaluable 
probes for this purpose. In fact, PFK genomic clones 
from a human library and a Bombyx library have been 
isolated in our laboratory using the exonic fragments of 
RM-PFK gene as probes.
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APPENDIX 1 . Nucleot ide sequence of the RM-PFK gene.
Exons (caps) are typed as codon triplets with the 
correspondent aaino acids shown above. Roiana indicate
the order of the exons from N- to C-termini of the encoded 
protein. The number of base pairs showing in brackets
flanked by dash lines represent the sequences which have 
not yet been determined. better x represents uncertain
base. Introns are printed in lower case. Splice
junctions are demonstrated by emphasized italic. Ail
exons and introns are initiated with a title. The
important restriction sites are indicated right below their 
recognition sequence. Numbering of bases starts from the
first base of the initiati on codon A TG. The
po1yadenylation signal ATTAAA, which is located 608-nt 
downs t ream of the term i nat ion codon TAA and 2 2-n t upstream 
of the poly-A site, is underlined. The starting point for 
the N- and C-halvos are directed by arrow.
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gttcctcttcca(iccagctctctcct(tj(ccciiiaxia(t(ia|gatigtccagclg(ttg£gc 56 4 1
SmaI PvulI
ectgcacctgcatgggacaccaggxgxaagtgcctggct.cctggcttcggatcggcgtgtgtgtgct 5 7 08
ggccaUtaglgcctagcggcacttgggggatacatgaaa < 900 bp )— ctcgataccgtt 6660
gaacacgatcaaggtccgagaaaagagacaggccccgtacccatttcttacctgaattgtgtgttc t 6 7 2 7
caaaaacatgctcggtacc < 405 bp > gagcctear 7227
Kpn I
lgggctgaLacctt.crgtclgagtgaagcgai:ctgt tcagtgarct ccagaaagrggtgagacagtg 729 1
gtttggaacaggattaalBcgtgtgcgtgtgraracajgcacccttgtgccgcacattcgcacaatg 7 36 1
cccacacccUcPt.cotgctgiiagatgaBf'iifiBcaKcrlBtgL'cctct'tcctclc tgtgtcat tgrc 74 2 6
tgcgacBtccttggccttggclcgetccctc'ctagaatcHgotccaggt 11 gc ttattct tgtcag/ 7491
EXON 5
142 158
ly Lys lie Thr Ala Glu Glu Ala Thr Ar* Ser Ser Tyr Leu Asn lie Val
OT AAG ATC ACA GCC GAG GAG GCC ACA AGG TCC AGC TAC CTG AAC ATC GTG 7 54 4
159 I75
Gly Leu val Gly Ser lie Asp Asn Asp Phe Cys Gly Thr Aap Met Thr lie
GGC CTG GTC GGC TCC ATT GAC AAT GAC TTC TGC GGT ACG GAT ATG ACC ATC 7 59 5
176 192
Gly Thr Aap Ser Ala Leu His Ar* lie Thr Glu lie Val Asp Ala lie Thr
GGC ACC GAC TCT GCC CTG CAC CGG ATC ACA GAG ATT GTG GAT GCC ATC ACC 7 6 4 6
193 197
Thr Thr Ala Gin Se
ACC ACA GCC CAG AG 7660
INTRON 5
/*tacaeac'tatgacg|(!ragaagagctKgggcct('gtggglgaagtgaa((tcmgagrtnt(!Bt( 7 7 27
ac tgatggccagt I t c c t g g g g r t g s t a t g c t a t t m a g c t g c a a g t g a t t c c t a g a g c g U g g H a  7 7 9'
tggcactggtrcctaagcafIgtgagatttgrcttt tgccacctaccagcctcptgtgctgcatgtg 78 6 7
gctcctgggcccgcctttgoagccatetggtggggtggrctgtatgcgggtgl aagt(ct/ftctcfc 79 7 7
tcttgca*/ 7 9 3:
EXON 6
198 212 
r His Gin Ar* Thr Phe Val Leu Glu Val Met Gly Ar* His Cys G1 
C CAC CAG AGG ACA TTT GTG TTA GAA GTG ATG GGC CGC CAC T G T  GG 7 980
INTRON 6
/gtaaggtccccgtcrt < 236 bp->-------------------------- 8232
-----------------------argctatggcaagtgggtgtgagtaaggaaggtctcctcaggagccaR 8280
cgatctgacctcaccctgaggtgBfaf'ftcaggatctgcagaccUcccagrtgt ggcacccgaagag 8347
tttgctgcgtctggggagcclgtlgaggggtgc-agclclgagl gggglgrcc tggc t c t o f r l c f l g /  84 13
1 1 7
7
213
Tyr Leu Ala Leu Val Thr Ser Leu Ser Cya Gly Ala Aap Trp Val
228
Phe
A TAC CTG GCC CTG GTC ACC TCT CTC TCC TGC GGT GCT GAC TGG GTC TTC
229
H e Pro Glu Cya Pro Pro Aap Aap Asn Trp Glu Asp His Leu Cys Arg
245
Arg
ATT CCT GAG TGT CCT CCG GAT GAC AAC TGG GAG GAT CAC CTG TGT CGC CGG
246
Leu
CTC
Ser
AGT
248
Glu
GAG
EXON 7
I 
r  e       s O   s    
8462
05)3
8522 
INTRON 7
/gt.gr t|p-at gc ttatccttgcagsacatRicetgtccatgt. ct gcaggt tc-a 11 tgc t. c xg t. c t a r  8588
a  < 40 bp >-------------- --------------------------- 86 2 9
 gagtgatt.aaga tccaacatjctjcsc tgjcgcagtcctcat(ctget tctetfcjctgaocajf/ 869 2
EXON 8
249 26S
Thr Arg Thr Arg Gly Ser Arg Leu Asn lie lie H e  Val Ala Glu Gly Ala
ACA CGG ACC CGT GGC TCT CGC CTC AAC ATC ATC ATT GTG GCC GAG GGT GCA 87 4 3
266 280 
lie Aap Arg Aon Gly Lya Pro lie Thr Ser Glu Gly Val Lya Aap
ATC GAC AGG AAC GGG AAA CCG ATC ACC TCA GAA GGC GTC AAG OAT 8 7 8 B
INTRON 8
/g t tajrtgtgcaggaagctgaggggccctaBcatggaggccccegAatattccctagtggttctgtg 88 5 4
tc tecccaagtccctgcctgteattcrotctgcaccacgaaccactatggacaaggggeccagcgtt 89 21
cctggtcagrccagtcccc 11gactcagcagaccrctctg tg tgettggtcccctcag/ 89 7 9
EXON 9
281 297
Leu Val Val Arg Arg Leu Gly Tyr Asp Thr Arg Val Thr Val Leu Gly His
TTG GTG GTG AGA CGT CTG GGC TAT GAC ACG CGG GTT ACC GTC CTG GGG CAT 90 30
29B 311
Val Gin Arg Gly Gly Thr Pro Ser Ala Phe Aap Arg lie Leu
GTG CAG CGA GGT GGA ACC CCC TCA GCC TTC GAC AGG ATC CTG 907 2
BaaHI
INTRON 9
/g tgag tcacaggc tc tg t ggccnc t ggaxca tcagaa 11 g tc t gcacc 11---< 600 bp >--g 9724
S
age tct tagcagcagtga Lgttgattgagatggtgttccgt c tcagcccttcccacttgcatggagg ' 9791 
at I
ggagaggcgagtcagatggggaatttgtttctccggaaccgaggagaaccttggtttgatagggagc: 9858
ggacaagtgactcagcttgaggtgtgactgtagggagggacagcaatctgctgctagccttcatgtg 99 2 5
atacagtatgaagcagcgtgeagctctcaBtggactagatgcagcaotgcaatttctgctt<2 1bpi 1000 7
ctgcagcatctctgagtcggtttcctcatctgtaaaatgttcc tgaggaggacagaggtcctgcag/ 1007 3 
P b 1 1 PstI
EXON 10
312 32 B
Gly Ser Arg Met Gly Val Glu Ala Val Met Ala Leu Leu Glu Gly Thr Pro
GGC AGC AGG ATG GGC GTG GAA GCA GTG ATG GCG CTG TTG GAG GGG ACC CCG 10 124
329 345
Aap Thr Pro Ala Cya Val Val Ser Leu Ser Gly Ain Gin Ala Val Arg Leu
GAC ACC CCG GCC TGT GTG GTG AGC CTG TCT CGT AAC CAG GCC GTG CGC CTG 10175
346 353
Pro Leu Met Glu Cya Val Gin Val
CCG CTC ATG GAA TGT GTC CAG GTG 10199
INTRON 10
/ # taagtnrageccagccc ttoraBagdccaaacrrgtctragagratKgggaKaggtxccttgogg 10 2 0 5 
cxtgtcagagaagt < 217 bp >----- ctdai-»ra*taat tcc ai tBttusi tcatri bjbi- 1053;
1 1 8
agcattctgaaaatgctgatgcttgagcacgcgcctgcccccagagcacagagcacagcgcagctgc
Pvul I
tgaaaatgececccacccctgctgcttocteagaetcggtctctcgac tgtctctatcacagaattc
EcoR I
ggggaaagctgcggcagctgct tcccctgggctgtctgtggggtcttcctvattegetcceecttct 
Pvul I
ttattgaggccacgtgaagc tggg&ttgggtgtggagccagggagatgcgggracggccccc tcccc 
gtggttctgaatagagcatcaggt tgcccttttctgttgctactcattactcagaaagttagggaga 
ataaagg taac11etctgaaag1111 ggagacatcagaaaggtggagtgeacctttctcgagcaggg 
acgggcaggctggtggg tggaaggcagccc tgccctgagee11gccc tact c tgctactccctcag/
EXON 11
354 370
Thr Lya Aap Val Thr Lya Ala Met Asp Glu Lya Arg Phe Aap Glu Ala Met
ACC AAA GAT GTG ACC AAC GCC ATG GAC GAG AAG AGA TTT GAT GAA GCC ATC
371 375
Lya Leu Arg Gly Ar
AAG CTG AGA G G C  CG
I N T R O N  1 1
/gtgagg&aatgaccagaccagctgacgsgaaatgagatgaccaggg------- < 297 bp >----
P v u l  1
------------caaagtc tgcctggc tccataccaaagcaggaget tc tgccccc tcccct trctccc
gggccagctctgtcgtgatgagcaagggcccgggaggagagtgcgCBgggagratgtgaaggaggag
Sum I
gcccctctgcagccccgctctgcctgetgcgcaggggaatgggctgaagacacttcattt tcaca*/ 
P8t I
EXON 12
376 391
g Ser Phe Met Aan Aan Trp Glu Val Tyr Lys Leu Leu Ala His lie Arg
G AGC TTC ATG AAC AAC TGG GAG GTG TAC AAG CTT CTG GCT CAC ATC AGA
392 396 H l rid I 11
Pro Pro Ala Pro Lya
CCC CCA GCC CCC AAG
INTRON 12
/g Lai-gun c a a c g g g g i ■ g t ■ o c c t c a c t c 1 1 t c c e t c c c c a c c.- c t c a g t c c c h ' i1 a a g e c t t k c c n g
cctgtgtgcaacgctgatctcagttccacrgggcggttttcttcttggecari-i'agatcctggccct 
gtgttcttagtgtgtcccg ga t gt r tc t ga c cc ' t t gc c ca g tc t ga g ea g rg a tg c ag t Kg a cK g gf  
a a g a g g t g t c t g t g e t t t H c c r t c t g g c a a c c a a t c a r a t g c g c c c c g a c a g K a g c a g a g g t c t e g e
g t t g g a g c c e c c ga a ca e ac a cg t ga g ct g at g Rg gt t gg t ct t gg g gc j ig c gg a gc t cc g ga g Sg g
ttgcagar'agaccctratctgcccxgtecgcagaacaggBgcHtgtgctgifctggtcccrtggfigi
cc tcag tcctcctccccgacta tgtagagtag/
EXON 13
397 1------> C-HALF 4 1 3
Ser Gly Ser Tyr Thr Val Ala Val Met Aan Val Gly Ala Pro Ala Ala Gly
AGT GGC TCG TAC ACC GTA GCT GTG ATG AAC GTG GGT GCC CCG GCG GCA GCC
414 430
Met Asn Ala Ala Val Arg Ser Thr Val Arg lie Gly Leu lie Gin Gly Asn
ATG AAT GCA GCT GTT CGC TCC ACT GTG AGG ATT GGC CTG ATC CAG GGC AAC
431 Pvul I 446
Arg Val Leu Val Val His Asp Gly Phe Glu Gly Pro Ala Lys Gly Gin
CGG GTG CTG GTG GTG CAC GAT GGC TTC GAG GGG CCT GCC AAG GGC CAG
1059S
10665
10732
10799 
10866 
109 33 
10999
11050
1 1064
11110 
114 6 1 
11531 
1 1 59s 
116 6 1
117 13
1 1 72B
117 9 1 
1 I H6 1
1 19 2.-' 
1 199T 
1 2 0 6 1 
12 1
1216 1
122 12 
12263 
12311
1 1 9
INTRON 13
/g t m tMftsctccfagaacaaf(cc&c>tcttl(|ccccf|t|ct|ac(t|jgfa<actgtccclcc
Seal
ct(ct|atctCK(gcB(aa(CBkit|cttf&ttccftf|ctaLa|fu(t(cci(fc(ctc|(|a(tg
aagctgttgcagatattggtcccactttgcacatggccggcaccaacattctgttttcccetgagca
gcaaggcgcctgtgctgctctctgggccgtagctcacagggcagtcccacccaggcccctg tgc tat
gggcaccatgcagcgtg tggcct t ttcctgcAg/
PstI
EXON 14 
447
lie Glu Glu Ala Gly Trp Ser Tyr Val Gly Gly Trp Thr Gly Gin Gly
463
Gly
ATT GAG GAA GCC GGC TGG AGC TAC GTA GGG GGC TGG ACC GGG CAA GGC GGC
464
Ser Lys 
TCC AAA
INTRON
Leu
CTG
14
Gly
GGC
Ser
TCA
Lys
AAA
470
Ar
A G
/gtgagcogccctgcccccttcaggtgacctggtctggcccc tgcagaca t ctgtagatggc tccae
PstI
aggc t tggcaggatcgggg tggtgtggggagaggttggggtggggcaggaaaggggcaccagttggt
acttggaactgtagcctttcccttgatttccccaaatccccatgccgctcctcctccct ctccgg tc 
c u e  tag/
EXON 15
471 4 86
g Thr Leu Pro Lys Lys Ser Phe Glu Gin lie Ser Ala Asn lie Thr Lys
C ACT CTA CCC AAA AAG AGC TTC GAA CAG ATC AGT GCC AAC ATA ACC AAG
487 499
Phe Asn lie Gin Gly Leu Val lie lie Gly Gly Phe Glu
TTT AAC ATC CAG GGC CTG GTC ATC ATT GGG GGC TTT GAG
INTRON 15
/gtgagtg tc a tc c cB c cc g cc g ct g tt K gg ggctttHKKgtg atKccccctccctKtcar'tectae 
g g g t t t a g g c t g a t g c c c c t c c c t fitcactgctgggKCtKHHBCtgactgccrct etctcccct ere
c g B C ' c o o a t  g a g  t  c c  t  R c t g v  tc tcccgtcag/
EXON 16
500
Ala Tyr Thr Gly Gly Leu Glu Leu Met Glu Gly Arg Lya Gin Phe Asp
516
Glu
OCT TAC ACC GGG GGC CTG GAG CTG ATG GAG GGC AGG AAG CAG TTT GAC GAG
517
Leu Cys lie Pro Phe Val Val lie Pro Ala Thr Val Ser Asn Asn
532
Val
Ss t. 
Pro
CTC TGC ATC CCT TTC GTG GTC ATC CCT GCC ACA GTC TCC AAC AAC GTT CCC
I
Gly
535 
Se r Asp Phe Ser Val Gly Ala Asp Thr Ala Leu Asn Thr lie Cys
550
Thr
GGC TCA GAC TTC AGC GTC GGG GCG GAC ACG GCG CTC AAC ACC ATC TGC ACC
INTRON 16
/gtgcogagcctgccccgccccgcccct tcc tgcgaggctg tgcgtgtggaccaggtgcggtcctcg
ggacagctccaggcatttgagcagcgcctccctcatgagagagtgtcggagggccgcggctgttccc
gccctgagcagaaaggatgggcgagttccctcccagcagagcagttcttcgtggggctgcgaacacg
cctgttgtctagttgtggKgaacacacggggctagcgcgctgccggccgaggggagaacctggggct
ccagtagctceagcagatccaaaatgactctgct tccccgtgcctgcag/
Pst 1
12377
12444
12511
1257B
12611
12662
12682
1 2 7 48
12 8 15 
1 2 8 8 2  
1 2889
1 2938
12977
1364 9 
1 3 1 1 v
1311 2
1 3 1 9 3
13241
13 295
1 3  3 6 1 
1 34  26 
1 3 4 9 f, 
1 3  5 6 2 
13611
1 2 0
EXON 17 
BS1
Thr Cya Aap Arg lie Lya Gin Ser Ala Ala Gly Thr Lya Arg Arg Val
567
Phe
ACG TGT GAC CGT ATC AAG CAG TCC GCA GCG GGC ACC AAG CGC CGG GTG TTC
568
lie H e Glu Thr Met Gly Gly Tyr Cya ciy Tyr Leu Ala Thr Met Ala
584
Gly
ATC ATC GAG ACC ATG GGC GGC TAC TGC GGC TAC CTG GCC ACC ATG GCA GGA
585
Leu Ala Ala Gly Ala Aap Ala Ala Tyr lie Phe Glu Glu Pro Phe Thr
601
lie
CTG GCA GCC GGG GCC GAT GCT GCC TAC ATT TTT GAG GAG CCC TTC ACC ATC
602
Arg Asp
CGA GAC
INTRON
Leu 
CTG 
Pat I 
17
605
Gin
CAC
/gtagaoaagacttggcectgc tacttgcctggtactgtgttgtgttgctacggtgaggtctgtctg
taggctgsggagcatgtgcagcatgcagtgtctgcgtagcagattgtLgtaagaagctctcttgetg
acagaact tg tcatctgatgtttagctgetgactctaegetagt. ctgctatattgcagetgealget
PvuIISpliI
aggcat.aga t a g a g ----------------( 10 bp )----------------ttg tag ng n ea g ct g ag a
Pvul I
gage tcxg tage tgrc tc tgcsgeage te tgeacggc tgceg ttttggotttcaggHKtgttctctc 
Ss 11 Pa tI
aeetcctggcagggcctggficccctarlt eacagageucefteagg tccltalltteccRgatci_cag 
tgeaaagtKtagtaeaKgagctgaggKctctet'eagtfcaagagcctggccagcccttecc'agagca
gggggcagf a tc Lgi in c c  t gcai r r UrueiiO rm-ct t ggcac tcagag Race tcge t g v a K ’ca
ggcgectgactgctttgcalcggcagcacagtgtgeccgggalgagggaggctggaggtggggtggg
Susa I
cggctgaaetggggtcotgctgttgcacggagcttctggaaaggggcagagcaggccagggctgtca 
gtgtgct'ctgtgcatcaccagfttt gcecactcccagctaggcceagggtt a a c  1 1  tggc 1 1  tcag/
EXON 18
606 622 
Ala Aan Val Glu His Leu Val Gin Lys Met Lys Thr Thr Val Lys Arg Gly 
CCG AAT GTT CAA CAC CTG GTG CAA AAG ATG AAG ACG ACT GTG AAG AGA GGC 
623 626
Leu Val Leu Ar 
TTG GTG C T C  AG
INTRON 18
/ g t a c tgcagctgcggcttg tccgggggaagaaaggggaggcaggc tttggcctaeetgtggaacgg 
PstIPvulI
gtccatggttgggg tgccetgaggaatcca t tgtgcatggggiggggggggcaggcacagagcct 11
I > pf k 2 clones #65, 267, 294, 295 A 299
ggtggcaggaag t e a ggcc t ggccctccctggcag/
EXON
g
I 19 
627 
Aan Glu Lya CyB Aan Glu Aan Tyr
Q AAC GAG AAG TGC AAT GAG AAT TAC
643
Tyr Ser Glu Glu Gly Lys Gly lie Phe
TAC TCT GAG GAG GGG AAG GGC ATC TTC
660
Hia
CAC
Met
ATG
Gin
CAG
663
Gin
CAG
INTRON 19
/ g t a tgcgctgcgctegatggccacgccagcagcc 
ggtgtcgttgegggtgacctggtgct teg t tact t. 
g a g a tegtctcagatgaggaeggggettegagaga
642
Thr Thr Aap Phe lie Phe Asn Leu
ACC ACG GAC TTC ATC TTC AAC CTC
659
Asp Ser Arg Lys Asn Val Leu Gly
GAC AGC AGG AAC AAC GTG CTT GGC
gcaaggccgtcccggct gcaccactgggcag 
ececgstgtcacaagagcaetctgacatcag 
tagttcaBtgt.caggctetccoctctatcgc
13662
13713
13764
13776
1384 2
1 3 9 0 9  
1 3 9 7 6  
1 4 0 1 6  
1 4 0  h f ■ 
14 15 2 
1 4 2 1 5
14 281
1 4 3 5 3 
14420 
14486
14537
1454 8
14614 
1468 1 
14716
1 4765
14816
14828
14894 
1 4961
150 2 8
1 2 1
gagetctgctcaggage tcttc«|a£c»t»tjngctcc»i»cgtctc»tgncjt»tgBgattgatc tc 
ict*|cttatscca»»ct#*cct*c»*tct(atg|cft*|cc*tBctc»xatctcccc|ca**t*ttc 
tctt,cc»Basgt|gaccctlitItctc»*ct*g»«igMtattct||(ltc*tit|cccc*»cclct 
g a g tccagcggct ttctttgatgttt tacctcctcctgaggggcagccc t tggagtcccttagcca t 
ccgtgctgggcagaagctgtggcagggaggaaggggaggggcagaagctctgctttgggtctgagca 
ggcsgsctttgggcttatctggtatctcat tietgtagctgtctgggatcttacatcgactcagcat
c a  < 10 bp >--- aacccactctacaagctcttactctctctagcactgcaectKgcvagact
ctcttctgtxgtgc tgaccagacagcacagcc tgoataggoagcx tggaxtgcagccccttoccttr
ctggttctctcctgccagggagacggccagctcccctggctgctgacaccatcctaggactcccttc 
acaggcagcatctggat ttctgtgtctgcccactgttccctctgcttgtgtatccatgagtctctge 
catccctgccacctgtrftaattcfttt ttcmg/
EXON 20
664 680
Gly Gly Ser Pro Thr Pro Phe Aap Arg Aan Phe Ala Thr Lys Met Gly Ala
GGC GGG AGC CCC ACT CCC TTT GAC AGG AAC TTT GCT ACT AAG ATG GGA GCC
681 69b
Lya Ala Met Aan Trp Met Ala Gly Lya lie Lys Glu Ser Tyr Arg Aan G
AAG GCC ATG AAC TGG ATG GCT GGG AAG ATC AAA GAG AGT TAC CGC A A C  G
INTRON 20
/gtaggtaggg tgg gag t gegtgece t.gt gcagaggctgggtccccggtgcggcagctcatgggtttf 
t tctgat tgcag/
EXON 21
697 713
ly Arg lie Phe Ala Asn Thr Pro Aap Ser Gly Cya Val Leu Gly Met Arg
GG CGG ATC TTC GCC AAC ACC CCT GAC TCC GGC TGT GTT CTC GGA ATG CGT
714 pfk2 clones #65 A #267-<----- ; 730
Lys Arg Ala Leu Val Phe Gin Pro Val Thr Glu Leu Gin Aan Gin Thr Asp
AAG AGG GCT CTG GTC TTC CAA CCA GTG ACT GAG CTG CAG AAT CAG ACG GAC
731 732 PstI
Phe G 1 
T T T  GA
INTRON 21
/gtgagtgc&ct gctg tctccagtgtccacatcctgtcaggcacggtgctgtcotccacctggtcca 
ctg tot tcagtgcc11111 ttagaagcagtgctgt cacact tagcatttggatgtgatgccagggcc 
ctgcagcccoagcttcttcceataagctgctggtagaagctgagaaattttatcaccatctccctcs
PstI
t tcttctgtag/
EXON 22
733 748
u His Arg lie Pro Lys Glu Gin Trp Trp Leu Lys Leu Arg Pro lie Leu
C CAC CGA ATC CCC AAG GAA CAG TGG TGG CTG AAG CTG CGG CCC ATC CTC
749 765
Lya lie Leu Ala Lya Tyr Glu lie Aap Leu Aap Thr Ser Glu Him Ala His
AAA ATC CTA GCC AAG TAC GAG ATT GAC TTG GAC ACC TCC GAG CAC GCG CAT
766 779
Leu Glu His lie Ser Arg LyB Arg Ser Gly Glu Ala Thr Val * * *
CTG GAG CAC ATC TCC CGA AAA CGG TCT GGG GAA GCC ACC GTC TAA
gcctoggagcgagggacagRrtgtctgetcaoatcaangtttKcacgergtgtccatBtcKtag'trt
ttagtcttttaggKtc-cLtgtnuttgtgcat'Ccttaggf’cgtgat'cagctrtRgrogggaacrgKiiae'
15095
15162
15229
1 52 90 
15 363 
1 5 4 3 C 
15 4 9 2
15 5 5 9
156 26 
15693 
15721
1 57 7 5
1 5B24
1 5B9U 
1 590 2
1 5952
16003
16U08
1607 1 
1614 1
16 208
162 19
16268
163 19
16 3 0 ) 
16 l ■; l 
16 10;
1 2 2
pfk 1 end <--- ;
»tgc»*taigtgg»agctcct(tfl£t»|actcjgtcBtaacecgcaccccigcctixtct4tt»cac
Acc I
aggcagggtcctgtagtgc tcctgct(laccacac»igta(aactcccttt»cacgc|ctttattta
Ittctttgtgttaacaagagtgtcggcttctcacactcctgctgcagtgacgactctgactacacaa
H p a I Ps t1
taacgcactgcatgcatctgctctgclgtgctctctgctgcagactacgagcagcttggcgtccgta
ctcttcctagggfaaaggcctttgcaccttaagcggcctcrccgtccttttcctgcagcccttggcc
Pat I
cttttcggccctccccggccccttttaaaaggggtttggggggggtttlccccaattctcccctttl 
ccgggtttaaatggggcccgccctttccct taaaaaaccccctaaaattgccctggggggccggggg
16565
1 6 6 3 2
1 6 6 9 9
16766
1 66
1 6 9 0 6
1 6 9 6 7
ca a at taaaattttaacaagccaacccccc 1 7 0 0 1
J > P o 1 y ( A ) site
APPENDIX 2. SYNTHETIC OLIGODEOXYRIBONUCLEOTIDES
Oligomer Sequence AA Position
PFKO 5 ’-GC5TG5TG6TC6TC5TG-3 * 6 --->2
PFK1 5 ’-GGCTGCATGGTGCTGTTCATG-3' 7--->2
PFK2 5 *-CC5CA5AASTC5TT5TC-3’ 70--->66
PFK3 5 ’-TC6TCCCA5TT5TC5T-3* 240--->235
PFK4 5 ’-TCCCA5TT5TTCAT5AA-3 ’ 382--->277
PFK5 5 ’-TC5TC5AA6TG6TT-3 ’ 517--->512
PFK6 5 *-GCCATCCAGTTCAT-3 ’ 687--->683
PFK7 5 ’-CTGGAGCACATCTCCCG-3’ 766--->771
PFK8 5 * -ATGATGCTGCAGCT-3 * 74--->78
PFK14 5 *-TC5TG7AC5AA5AA-3 ’ 52--->48
PFK3 1 5 ’-TC6TT7AC7CC6TC-3' 280--->276
PFK3 3 5'-TT6TC5TCCAT7GC-3' 265--->261
PFK51 5 ' -GG6TC6TC5AA7AT-3’ 598--->594
PFK52 5'-TT5AA7AT5AA5TC-3' 64 1--->637
PKK101 5 *-TG6TGCAT5TG7CC-3 ’ 663--->659
PFK102 5 ’-A5AT7GC7GC7GGAC-3 ' 557--->561
PFK103 5 ’-GC7GG7GC7GA6GC-3 * 587--->591
PFK104 5 ’ -TA7GC7GC5TC7GC-3' 593--->589
PFK105 5 ’-GA5AA6TA6AC7AC7G-3 * 632--->636
PFK106 5 *-TC7GT7GT5TA5TT6CT-3 * 636--->632
PFK515 5 *-CA5AA5ATGAA5AC-3* 613--->61 7
PFK516 5 *-GT6TTCAT6TT6TG-3 ’ 617--->61 3
Ml 3-17-mer 5 *-GTAAAACGACGGCCAGT-3*
Note: 5 = A/G, 6 =T/C, 7=A/C/G/T
1 2 3
Appendix 3. Bacterial strains and their genotypes
8.coli
MB 101
JM103
JM1 0 7
K80.Y
Gcno type
t~ , h»dS20(r<- ,aa~),recA13 
■r«-14,proA2,l«cYI, jfalK2 , 
rp»L20(Strl*Tl-S.»tl-l ,
■ upKll, A'
•ndA,hadRI,aupH,mbcBI5, 
•trAi|A(lic,pro), \~/F’ 
traOSK.prtjAB ,lac I* ,ZA 
M 1 5 I
endAI >MrrA9S, th 1 , huriK 1 7 , 
iu|iEH,rflAI , V  ,A| 1 «c - pro
AP) , |F* ^ triiDlL.proAn 
7*Ml5|
bujjF* * supF4 f r" K"“ K or 
r" K
C o M « n t «
-hybrid of B. coil K-12 
k E - coli D 
-host for pERSZZ and 
•any other plsssidfi 
-food for lAr|e-*cA*p 
frowth and purification 
of p1«§*ids
-host for M13sp vectors 
-reoA host
-host for M13ap vectors 
-recA host
-host for bActf r iophsge 
1 akbda
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Appendix 4. Media and important reagents
A. Media lut./liter)
B top
LB 2X VT
NZCYH
BrothBroth Top Plate Broth Top Plate
Bao to-trjrptone 10 10 10 10 16 16 16 -
Bacto-reset extract - 6 s 5 10 10 10 S
NaCI 8 10 10 10 S 6 5 5
Bacto-agar 7.6 - 7.6 IS * 7 . S IS -
HZ aaine (Type A) - - - - - - - 10
Caeaaino aoid - - - - - - - 1
MgS04 . 71120 - * - - - - - 2 . S
B. 10X MW salt 
Per liter:
Na2ll 1*04 (anhjdrous ) 
KH2P04 (anhjdroui) 
NeC 1 
NI14C I
60 g
30 g 
5 *
10 R
Adjust pH to 7.4 and sterilise bjr autoclaving.
C. Miniaal ilucoie plate
Bacto-agar I I a * 889 si deionised water 
= = = > Sterilise bg autoclaving
Then, added the following ingradienta
Ingrad ienta Stock solution Working solution
M9 salt 10 2 100.0 • 1
MgS04 1 M 1 .0 B 1
CaC 1 2 1 M 0. 1 ■ 1
Th i as i ne . IIC1 1 1 0. 1 a I
C i ucofle 20 X 10.0 a 1
D. Transforaut i on buffer for lianahun’e procedure
1 ng radirnl B Stork nolut ion Working so
K-Mee 1 .0 M ( pllb. 2 ) 10.0 a 1 10 aM
KOI (or HuClt I .0 M 100.0 a 1 100 aM
MnL' i 2 1 .0 M 4S . 0 a 1 4 5 aM
CaC 1 2 1 . 0 H 10.0 a 1 10 aM
HACoCl (III) 0 . 15 M 20.0 al 3 aM
1120 - 815.0 al -
Final cone
1 2 5
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8M (Laabda diluent) 
Per liter:
NeC)
M*S04.TH20 
T r i e d  (pll 7.6) 
Gelatin ( 2X )
5.0 0 
2.5 M
60.0 el
5.0 ■!
Sterilize by tutnrlivlni.
F. Rewenti for Tafcahaahl'a aethod
{■). Lyaie (b). TAB Ic). TAAB Id). SATAE
Ingredients Stock Korkin* Stock Korkin* Stock Korkin* Stock Korkin*
SDS
Trie bane 
NnOH
Tr ia-acetate 
(pll 8.0)
EDTANaZ 
(pH S .0)
Na .acetate
4 % 2 %
100 N SO IN
0.4 N 0.2 N
400 aH 40 aM 400 aM 10 aM 400 aM 10 aM
20 aM 2 aM 20 aM 2 a M  20 aM 2 aM
3 M 1 M
pit
<e). SAA
12.9 B.O ft. 0 B.O
■olution 3 M Na.arptnte-Acelii; acid
(Uain* Mlecial acetic acid to adjust pll to 5.5)
G, T4 0NA polyaeraac repairing buffer
IntraticntH Stock eolution Korkin* solution
Tris-Cl (pll 8.0) 1 ,0 K 70 aM
M«C12 1 .0 M 10 aM
DTT 1 .0 M 10 aM
dATH 0.5 aM 100 uM
dCTH 0.5 b M 100 uM
dGTP 0.5 aM 100 uM
dTTP 0.5 aM 100 uM
H. DNA etora*e and dilution buffer
TE TLB
ln*radienta Stock Korkin* Stock Korkin*
Trls-Ci (pH 8.0) 1,0 M 10 aM 1.0 M 10 aM
BDTAN*2 (pH 8.0} 0 . 5 M  l a M  0.6 M 0.1 aH
I . FOE
50 al Foraaaide
(Deionize by slirrin* with 2 * Aaberlita MB-1 
reein for 10 ain and filter off)
50 a* Xylene cyanol FF
50 a* llroaophenol blue
1 al EDTA. 0.6 M, pH 8.0
APPENDIX 5.
HANAHAN PROTOCOL FOR PREPARATION OF COMPETENT CELLS AND 
BACTERIAL TRANSFORMATION
Grow 40 al bacterial culture (1:100 dil. froi overnight)
incubate with shaking at 37*C for 2.5 hrs
Transfer to 50-al Falcon tube
chill on ice for 30 ain 
spin at 2,500 rpm for 10 ain at 4*C
r
Ce11 pellet
resuspend in 14 al TFB by quick vortexing 
30 ain on ice
spin at 2,500 rpn for 10 ain at 4*C
Cell pellet
gently resuspend in 2 al TFB by swirling
add 70 ul DMSO and swirl to aix
5 ain on ice
add 70 ul 2*25 M DTT and swirl to aix 
10 ain on ice
add 70 ul DMSO and swirl to aix
5 min on i ce
Competent cells, dispense in aliquots 
(0.2 ml/tube, prechilled on ice)
add DNA and mix gently 
30 min on i ce
heat-shock at 42°C for 90 sec 
cold-shock on ice for 90 sec
Transformed cells
add 1 ml LB (for antibiotic selection only) 
incubate at 37aC for 30-60 min (for antibiotic 
selection only)
Ready for plating
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APPENDIX 6.
MODIFIED TAKAHASHI PROTOCOL FOR RAPID PLASMID ISOLATION
Grow 3 al overnight culture 
1
Transfer 1.5 al culture into Eppendorf tube
spin 5 ain at r.t. 
discard sup
Cell pellet
resuspend in 200 ul TAB 
add 400 ul Lysis sol'n 
gently invert 5-10 tiaes 
5 ain at r.t. 
add 300 ul ice-cold SAA 
gently invert 5-10 tiaes 
15 ain on ice 
spin 5 ain at 4*C
Transfer 700 ul sup to another tube
700 ul CHC13
gently invert 5-10 tiaes 
spin 3 ain at 4* C
Transfer 500 ul of the uoper phase to another tube
1 ml EtOH 
invert 5-10 times 
5 min on ice 
spin 10 min at 4“C 
discard sup
DNA pellet
Dissolved in 450 ul TAAE
50 ul SATAE 
1 ml EtOH 
10 min on ice 
spin 10 ain at 4*C 
wash with 1 ml 70% EtOH 
spin 5 ain at 4*C 
lyophilyze 5 Bin
t
Dissolved in 45 ul TE (use 10 ul for restriction test)
I
Store at -2 0'C
1 2 8
APPENDIX 7.
PROTOCOL FOR RAPID ISOLATION OF b b DNA TEMPLATE
Prepare 2 al of 1:100 dil. JM107 cell culture
add 3 ul of M13 recoabinant phage stock 
incubate with shaking at 37’C for 4 hra
▼
Transfer 1.5 al culture into Eppendorf tube 
spin 5 ain at r.t.
▼
Transfer 1.2 al supernatant into a fresh tube
add 250 ul of 20% PEG/2.5 M NaCl
aix by inverting and stand at r.t. for 25 ain
spin 5 ain at r.t.
discard sup completely
4'
Phage pellet
resuspend in 105 ul TE
60 ul phenol/chlorofora (1 :1 ) extraction
vortex 30 sec
stand at r.t. for 5 ain
vortex 30 sec
spin 3 min at r.t.
▼
Transfer 90 ul of upper phase into a fresh tube
add 250 ul of cold EtOH/3 M NaOAc, pH5.5 (25:1) 
stand at -70*C for 30 ain 
spin 10 min at 4 C 
discard sup
DNA pellet-
wash with 1 ml of cold 70% EtOH
spin 5 min at 4*C
discard sup
ly ph i1ize for 5 min
YDissolve in 30 ul of TE (use 7.5 ul for sequencing)
I  .
Stored at -20*C
1 2 9
APPENDIX 8. Ml3 PIDEOXY DNA SEQUENCING PROTOCOL 
This protocol is designed for sequencing 10 clones.
A . Preparation of primer mix (P M )
4 ul d d .H20
14 ul Primer (2.5 ng/ul)
18 ul TM (100 mM Tris.Cl, 50 mM MgC12, pH 8.0)
36 ul Total
B. Preparation of annealed primer/template (P T ) mix
Clone No. 1 2 3 4 5 6 7 8 9 10
Template
PM
7.5
3.0
7 . 5 
3.0
7 . 5 
3.0
7 . 5 
3 . 0
7 . 5 
3.0
7 . 5 
3.0
7 . 5 
3.0
7.5
3.0
7 . 5 
3.0
7.5
3.0
Total 10.5 10 . 5 10.5 10.5 10 . 5 10.5 10.5 10 . 5 10.5 10.5
C . Anneali ng
incubate PT mixes at 60°C for 30 min 
stand at r.t. for 10 min 
spin 2 sec 
Annealed PT mixes
D. Preparation of dNTP mixes
dNTP mix T1 G 1 Cl Al
0.5 M dTTP 5 100 100 100
0.5 M dGTP 100 5 100 100
0.5 M dCTP 100 100 5 100
1 3 0
1 3 1
E. Preparation of dideoxy/deoxy sixes
Tube T2 G2 C2 A2
T1 10.0 - - -
G1 - 10.0 - -
Cl - - 10.0 -
Al - - - 10.0
ddTTP, 0.5 aM 10.0 - - -
ddGTP, 0.2 aM - 10.0 - -
ddCTP, 0.05 mM - - 10.0 -
ddATP, 0.05 aM - - - 10 . 0
<*- 35 S dATP 
(9 mCi/ml, 1200
2.5
ci /BIBO 1 )
2.5 2 . 5 2.5
Total (ul ) 22. 5 22. 5 22 . 5 22 . 5
F. Preparation of chase solution
800 ul dd . H20
100 ul 50 mM Tris.Cl, 1 mM KDTA, pH 8.0
25 ul 20 aM dTTP
25 ul 20 mM dGTP
25 ul 20 mM dCTP
25 ul 20 mM dATP
1000 ul Total
G. Preparation of Klenow enzyme solution
97 ul 10 aM Tris.Cl, pH 8.0
3 ul Klenow, 5 u/ul
100 ul Total
Sequencing reactions
Tube T G C A
PT mixes 2 2 2 2
T2 2
G2 2
C2 2
A2 2
Klenow (0,15 u/ul) 2 2 2 2
Centrifuge 2 sec
Leave in aicrofuge (r.t.) for 20 ain
Chase solution 2 2 2 2
Centrifuge 2 sec
Leave in aicrofuge (r.t.) for 20 ain
FDE 4 4 4 4
Centrifuge 2 sec
Heat tubes at 95“C for 3 min and chill on ice quickly 
Load 2 ul sample in 3 am wide well
Electrophorese at 50 Watts for 2 . 5 - 3  hrs or until the 
fast moving dye reach the bottom of the gel
Stop electrophoresis
Fix gel in 10% MeOH/10% HOAc for 30 min
Transfer to 3 MM paper
Cover with Saran Wrap
Dry at 80*C under vacuum for 1 hr
Expose the gel directly to the X-ray film for 16-24 hrs 
Develop the film
Read the sequence
I. Preparation of buffer-gel sixes (per liter)
1 3 3
Ingradients
0.5X TBE 
gel mix
2.5X TBE 
gel mix
40% Acrylamide 150 ml 150 ml
10X TBE 50 ml 250 ml
Urea 460 g 460 g
Sucrose - 50 g
BPB 50 mg
Gel concentration 6% 6%
Preparation of 4OX acrylamide solution (per liter)
380 g Acrylamide
20 g Bis-acrylamide
Deionize by stirring with 20 g Amberlite MB-1 resin, 
filter off and degas
Preparation of 
For 50 x 20 x 0
buffer gradient sequencing gel 
.04 cm gel:
Gel 
Soluti on
TBE gel mix 
0.5X 2.5X
10%
AMPS TEMED
Solution 1 56 ml 320 ul 56 ul
Solution 2 12 ml 69 ul 12 ul
a. Take 1st 10 ml of solution 1 using a 25-ml pipet and
a pipet-aid
b. With the sane pipet, take 12 si of solution 2
c. Introduce 5 air bubbles to fora a rough gradient
d. Pouring this gel solution between two pre-clamped 
sequencing glass plates
e. Fill up with the remaining solution 1
f. Insert comb in a proper place
V  T T A
November 26, 1953 
1968 - 1971
1972 - 1976
1976 - 1982
January 1983 
December 1986
January 1987
Born, Taiwan, Republic of China
Attended Wuling Senior High 
School
Taiwan, Republic of China
Attended National Defense 
Medical Center,
Taiwan, Republic of China
Teaching Assistant,
Department of Biochemistry, 
National Defense Medical Center, 
Taiwan, Republic of China
Admitted to Louisiana State 
Un i vers i ty,
Baton Rouge, Louisiana
Candidate for Ph. D. in 
Bi ochemi stry,
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